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general Introduction 
Teleosts inhabiting freshwater environments face diffusional loss of body ions 
whereas water will invade the fish by osmosis. Up to 90% of the body surface 
is located in the gills. Although the gill epithelium of freshwater fish is cha-
racterized as a high resistance; low conductance ('tight') epithelium, the ef-
flux of body ions, especially Na and CI , is substantial. Active uptake of the-
se Ions from the water by branchial epithelial cells is an important mechanism 
in the regulation of ionic balance in these fish, and the gills therefore repre-
sent a major osmoregulatory organ. During the past twenty years it has been de-
+ + 
monstrated that sodium- and potassium-activated adenosine triphosphatase (Na /K 
ATPase), an enzyme which is present in large amounts in the branchial epitheli-
um, plays a pivotal role in active Ion uptake (Epstein et al 1980). In order to 
maintain electrical neutrality, fish must balance their net uptake of charged 
ions by excreting equivalent amounts of charge. Flux studies with intact fresh-
+ + + + 
water fish and with in vitro preparations have shown that Na /H (or Na /NH ) 
exchange is the most likely mechanism operating at the gill level. The relative 
contribution of the branchial respiratory cells and chloride cells (or ionocy-
tesj Keys S Wilmer 1932) in the active uptake of Na In freshwater has been a 
matter of debate. It has been argued (Girard 6 Payan 1980), that under freshwa-
+ 
ter conditions Na influx mainly occurs via the respiratory cells. However, mo-
re recent evidence seems to indicate that the mitochondria-rich chloride cells 
+ 
are responsible for the active Na uptake. 
Endocrine regulation of ionic homeostasis in teleosts 
Studies on the hormonal influences on teleost osmoregulation during the past 30 
years have mainly focussed on Cortisol and prolactin. 
In contrast to the situation in tetrapods, Cortisol in fish is the main end pro-
duct of corticostroidogenesis which takes place in interrenal cells, located in 
the posterior part of the kidney ('headkidney'j van Qverbeeke 1960). Cortisol 
in fish has been demonstrated to regulate active ion transport mechanisms in a 
variety of epithelia, including gills (Dharmamba 1979), but also has pronounced 
effects on the intermediate metabolism of the fish. The hormone promotes cata-
boliam of peripheral tissues, which via increased gluconeogenesis leads to hy-
perglycaemia in the fish (Chan S Woo 1978). The existence of a hypothalamo-
pituitary-adrenal (-interrenal) axis in fish has been established ("CRF"-ACTH-
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Cortisol), but relatively little attention has been paid to other potential se-
cretagagues for the interrenal steroid cells, 
Prolactin has traditionally been associated with teleost osmoregulation in fresh­
water (Bern 1983), and presumably the hormone exerts its major effect by decrea­
sing water- and ionpermeabilities of epithelia (Wendelaar Bonga & van der Meij 
19Θ1). However, several authors have demonstrated prolactin effects on active 
ion transport mechanisms as well. 
Experimental models 
Most studies on the hormonal regulation of ionic homeostasis in teleosts have 
applied experimental changes in environmental salinity. Seawater adaptation of 
euryhallne fish is accompanied by a rearrangement of the branchial epithelial 
structure, which changes from a 'tight' epithelium in a low resistance, high con­
ductance ('leaky') epithelium. This is thought to be essential for the mechanisms 
of active ion extrusion (Silva et al 1977), which is necessary under these condi­
tions because the osmotic and ionic gradients between the internal and external 
compartments have been reversed. Cortisol has been shown to promote the onset of 
Na efflux during seawater acclimation (Mayer et al 1967) and this, together with 
the fact that the activity of the prolactin cells is lower in seawater fish than 
in freshwater fish, has led to the assumption that Cortisol is the main osmore­
gulatory hormone in seawater teleosts. 
A second experimental model to study telsost osmoregulation that has recently come 
into focus is environmental acidification. Acidification of surface waters great­
ly affects freshwater fish fauna (Muniz 19Θ4) . A decrease in ambient pH generally 
results in net losses of body ions, mainly via the gills. This results from high­
er branchial permeabilities and impaired active ion uptake mechanisms (McDonald 
19Θ3). It has been demonstrated that fish display adaptive regulation to these 
disturbances (McWilliams 1980), but the involvement of endocrines in this accli­
mation has received relatively little attention. 
Outline of the present study 
The investigation centered round the roles of Cortisol and prolactin in ionic re­
gulation by the euryhallne freshwater fish Oreochromis (formerly Sarotherodon and 
Tilapia, Peters 1B52, Cichlidae) mossambicus. In most cases the fish will be na­
med tilapia in this study. 
First the physiology of the steroid producing interrenal cells was evaluated, 
both under control and 'stress' conditions (chapter 1). Chapter 2 deals with the 
8 
regulation of steroid release, as studied applying an in vitro superfusion tech­
nique. Since Cortisol is still considered a typical seawater hormone by many, we 
then checKed the effects of hyperosmotic regulation on the pituitary-adrenal a-
xis of tilapia (chapter 3). A different part of the study concentrated on bran­
chial active transport mechanisms, which have been postulated as important tar­
gets of Cortisol and prolactin. In chapter 4 the characterization of two branch-
ial Na -dependent ATPases is described and the effects of hyperosmotic adaptation 
on these branchial enzymes are discussed in chapter 5. In order to verify whether 
observed effects could have been mediated by Cortisol or prolactin, the hormones 
were administered in vivo to intact freshwater animals, whereas the direct action 
of Cortisol on isolated chloride cells in vitro was also tested (chapter B). 
The final part of the investigation deals with the adaptive regulation of tilapia 
to low environmental pH. The reactions of the pituitary-adrenal axis (chapter 7) 
and the prolactin cells (chapter 8) were compared, and finally, the influence of 
+ 
both short term and long term exposures to low ambient pH on active Na transport 
ATPase activities was monitored (chapter 9). 
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chapter 1 
interrenal function in tllapla 
- effects of stress and Cortisol administration -
INTRODUCTION 
There is a substantial collection of literature concerning the biosynthesis of 
steroids by the teleost interrenal theadkidney). The steroid producing cells 
seem capable of synthesizing every corticosteroid identified in the vertebrate 
group (see Butler 1973 for review), an observation which has led to the sugges­
tion that biosynthesis of corticosteroids may have antedated vertebrate evolu­
tion. Despite this apparent versatility of the teleost interrenal cells, to 
data Cortisol is considered the most important corticosteroid in fish, partly 
because of the quantities produced and the range of biological activities re­
ported, but also because searches for biological activities of some of the 
other vertebrate corticosteroids (corticosterone, aldosterone) in teleosts 
have been unfruitful. 
Information on steroid biosynthetic routes in teleosts generally is obtained 
from incubations of headKidney homogenates with labeled precursors. The value 
of this in vitro approach might be limited as can be judged from the relati­
vely few studies which compared results obtained with tissue homogenates and 
intact tissue. An additional problem associated with much of the earlier work 
is that it "should be examined with the understanding that identifications are 
at best tentative" (Butler 1973). We therefore have reevaluated the biosynthe­
sis of steroids by the interrenals of Oreochromis mossambicus ("the tilapia"). 
Information concerning plasma corticosteroid levels under different physiolo­
gical circumstances have frequently been used in an attempt to determine the 
function of the teleost interrenal. Numerous authors have interpreted high le­
vels as an Indicator of stress (Hane et al 1966; Fagerlund 1967i Houston et al 
1971; Spieler 1974; Strange & Schreck 1978; Pickering et al 19Θ2; Redding et 
al 19Θ4). In this first chapter data on the effect of stress on plasma corti-
sol levels in tilapia are presented and the significance of measured circula­
ting Cortisol concentrations will be discussed. 
Insight into the physiological role of Cortisol in teleosts has mainly been 
derived from administration (via injections, implanted pellets or osmotic mi-
nipumps) studies to intact or hypophysectomized animals. It is feasible how-
11 
ever that the stress associated with these procedures (see Pickering et al 19Θ2) 
induces side effects which for instance might interfere with the action of Cor­
tisol on the intermediate metabolism of the fish (Mazeaud et al 1977). The same 
holds for studies on osmoregulation (Dharmamba et al 1975j Davis & Parker 19B3) 
and since our studies on the endocrine regulation of teleost osmoregulation in­
cluded Cortisol administration experiments, we adopted a stress-free method of 
hormone administration described by Pickering & Dunson (19Θ3) and Pickering 
(19Θ4) for our experimental animals. Data on the validation of the method for 
our purposes are communicated in this chapter. 
METHODS 
Animals Sexually mature female Oreochromis mossambicus (Tilapia mossambica, 
Peters 1Θ52, Cichlidae) were used for the experiments. Fish were kept 
isolated from males at least two months prior to the experiments to reduce re­
productive activity (Silverman 197Θ). When sacrificed, the animals usually were 
seven months old and had an average weight of 20 grams. 
Housing Fish were kept in 120 liter aquaria under constant aeration (Tomasso 
19Θ1 · ) and filtration (Eheim aquariumpumps). Every three weeks wa­
ter (FW; for composition see Wendelaar 8 v.d. Mey 19Θ1) was completely renewed 
(Redgate 1974 * , Singley 8 Chavin 1975 b * ). The temperature was maintained at 
26° C, the temperature preferred by the species (Badenhuizen 1967) . The animals 
were kept under a 12L/12D regimen (light on: 7.00 a.m.) and were fed with Te-
tramin tropical fish food. For some of the experiments the fish were kept (a-
lone or in small groups) in smaller tanks (30 liter). Six of these tanks were 
connected and the water was continuously filtered by two Eheim pumps. Animals 
were adapted for at least three weeks before being used in the experiments. 
Sacrifice Animals received their last meal 24 hours before sacrifice. Fish 
were netted (Singley S Chavin 1975 a * ) and killed by spinal dis­
section. Blood was collected from the caudal arteries in heparinized hemato­
crit tubes. This procedure took 60 seconds per fish. In view of the reported 
daily rhythmicities in plasma Cortisol levels in fish (Boehlke et al 1966 *j 
Garcia S Meier 1973 * , Singley & Chavin 1975 a ·, Meier & Srivastava 1975 ·. Pe­
ter et al 1978 * , Baker 8 Ranee 19Θ0 * , Spieler 8 Noeske 1961 * , Ranee et al 
1982 * , Pickering 8 Pottinger 1983 * , Nichols 8 Weisbart 1984* ) care was taken 
* References marked with an asterisk deal with effects on teleost interrenal 
function. 
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'to sacrifice all animals at 9.00 a.m.; the blood was taken immediately, cen­
trifugea and plasma samples were stored at -2D0C until assay. Headkidneys were 
excised and processed for incubation. 
Incubations Homogenates of headkidneys were prepared in a sucrose buffer (G.25 
Π sucrose, 0.1 M sodium phosphate buffer pH 7.4) w/v 1:2; 0oC) 
with an all glass homogenizer. The homogenate was centrifuged (10 min, 600 g, 
2°C, Beekman TJ-6) to prepare a cell free system. The supernatant (1 ml) was 
transferred to a glass vial containing 3H-pregnenolone (3 yCi in 0.5 ml propy­
leneglycol), 2 mM NAD, 2 rrfl NADPH and sodium phosphatebuffar (0.1 П, pH 7.4). 
Incubation volume was 4.5 ml. During the incubations, which lasted 3 h, samples 
were taken and dichloromethane was added to terminate steroid bioconversion. 
Tissue incubations, which lasted 4h, were carried out with various amounts of 
tissue (25 - 400 mg; see figures) in 2 ml Dulbecco's Modified Eagle's medium 
(MOM), containing 4 pCi ^-pregnenolone or 4 pCi 3H-17a-hydroxyprogesterone, 
both dissolved in 0.2 ml propyleneglycol. No cofactors were added. All incubati-
tions were carried out at 2B°C in an air atmosphere under continuous shaking, 
and were terminated by adding dichloromethane. 
High performance liquid chromatography [HPLO Medium- or homogenate samples 
(1 à 2 ml) were extracted 
three times with dichloromethane (5 ml). The organic phase was evaporated, re-
dissolved in 0.5 ml dichloromethane and analyzed by HPLC (Spectra Physics SP 
Θ000, Eindhoven, Holland), which was equipped with a LiChroSorb Si-60-5 column 
(250 χ 4.6 mm. Chrompack Middelburg, Holland). Steroids were eluted with di-
chloromethane-ethanol-water (94:5:1) at a flow rate of 0.9 ml/min. One hundred 
fractions (0.2 min.) were collected with a LKB Redirac fractioncollector. Time 
between runs was 15 minutes. Four ml scintillation fluid was added to the frac­
tions and radioactivity was determined by a LK.B Wallac 1216 Rackbeta liquid 
scintillation counter. Elution times for several reference corticosteroids we­
re analyzed using commercially available tritiated compounds. Results are ex­
pressed as the percentage of total radioactivity for every fraction (% 3 H ) . 
Thin layer chromatography (TLC) Before sample extraction, 25yg of each of 
the following carriers were added: pregne­
nolone (P_), progesterone (Ρ
Λ
), 17a hydroxypregnenolone ['\7a-P,-), 17a hydroxy-
progesterone (17a-P ), 11-deoxycorticosterone, corticosterone, 11-deoxycortisol 
("compound S"), Cortisol and cortisone. The steroids were extracted from the 
medium- or homogenate sample by dichloromethane (3 χ 10 ml). To remove the 
excess of non-steroidal lipids, residues were extracted with 0.5 ml hexane 
and then with acetone ( 6 x 1 ml). The extracts were stored overnight (-го'с) 
to precipitate apolar lipids. These lipids were centrifuged (10 min., Θ00 g, 
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0°C), washed twice with acetone t-2D0C) and then discarded. The combined su-
pernatants were evaporated and the residue (dissolved in a few drops of dichlo-
romethane-methanol 9:1) was subjected to TLC. 
Thin layer chromatography was carried out on precoated plates with silica-gel 
F 254 (Merck) in saturated tanks. The following systems were usedj in system 
one, plates were developed In toluene-cyclohexane (1:1,3x) to separate apolar 
compounds (triglycerides) from steroids. Steroids were separated in benzene-
ethylacetate (3:1; 4x; system two). System three: chloroform-ethanol 95:5 
(2x). Carrier- and reference steroids were detected by UV absorption (in the 
case of S-keto-A11-steroids) or by spraying with primuline (Wright 19711 other 
steroids). Radioactive areas on TLC plates were located by means of a Berthold 
thin layer chromatogram scanner. 
Cortisol administration The method was adapted from the one described by 
Pickering & Duston (19Θ3). Cortisol was dissolved 
in ethanol p.a. and mixed with Tetraminj the solvent was then evaporated. The 
animals were given approximately 1% of their body weight per meal¡the food was 
consumed within one minute. See figures θ and 10 for further details. 
Assays Cortisol was determined by radioimmunoassay (RIA) as described by De 
Man et al (19S0). Plasma samples (4 yl) were not purified prior to 
RIA since several extraction methods were shown to be without effect on plasma 
Cortisol concentrations measured in fish by RIA procedures (Terkatin et al 
19Θ0, Weisbart & Jenkins 1981, Lamba et al 19Θ2). Plasma Cortisol levels are 
expressed as ug per 100 ml (yg%). 
Plasma glucose was measured using a commercial kit (Boehringer Mannheim; GOD 
Perid). Water NH concentrations were assayed following Grasshof S Johanssen 
(1977). 
Reagents The tritiated compounds were purchased from Amersham U.K.; spec. 
act. pregnenolone 12.5 Ci/rmral and 17a0H-progesterone 11 Ci/mmol. 
Reference steroids were from Steraloids or Makor. NADPH and NAD were obtained 
from Boehringer Mannheim. Chemicals and solvents (Baker) were of analytical 
grade. 
+ 
Statistics Data are presented as means - SEM. Significancy was tested apply­
ing the Students t-test for paired- or unpaired observations. * 
indicates ρ < 0.05; ·· ρ < 0.02; *** ρ έ 0.01 and * * · * ρ É 0.001. 
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RESULTS 
The HPLC elution profiles of the steroid standards (fig.1) show that under the 
conditions employed the method is suitable for separation of corticosteroids 
derived from 17a-hydroxyprogesterone: deoxycortisol, Cortisol and cortisone. 
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Figure 1 HPLC elution profiles for commercially available corticosteroid stan­
dards . 
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Figure 2 Headkidney homogenate incubation with 3H-pregnenolone. 
- Headkidney tissue from 4 FW females [average weight 55 g) was homogenized and 
prepared for incubation as outlined in the Methods section. 
- Weight of the headkidney tissue: 2B4 mg. 
- Incubation volume: 4.5 ml; 3 pCi 3H-pregnenolone . 
- At 180 minutes, 6.6 % of the total radioactivity could be recovered from the 
waterphasa. 
Applying CH CI- extraction and HPLC for steroid separation, total recovery (ra­
dioactivities in the waterphase + HPLC fractions) could be calculated to be 92 
- 3 % (x - SEM for six samples). 
Steroid HPLC profiles for a headkidney homogenate incubation with tritiated 
pregnenolone after 10, 90 and 1B0 minutes are illustrated in fig.2. It should 
be noted here that products eluting after 9 minutes tended to shift to shorter 
elution times with consecutive runs. In order to be able to identify Cortisol 
and especially cortisone standards were run between sample runs. It is clear 
from fig.2 that homogenates of tilapia headkidneys converted pregnenolone into 
one major endproduct which coeluted with Cortisol. In addition to the two uni­
dentified minor peaks eluting at 17 and 19 minutes, the product eluting from 
the column at 10 minutes might also qualify as an endproduct. Cortisone serves 
as a likely candidate for this peak and the rate at which it was produced seems 
to decline after 90 minutes. The unidentified compounds eluting at 9.2 and 11.θ 
minutes apparently represent intermediates of steroidogenesis. 
Incubating intact headkidney tissue with tritiated pregnenolone resulted in a 
strikingly different picture (fig.3 ). Pregnenolone again was converted into 
Cortisol (16.1 min.) and cortisone (10.3 min.) but the larger part of the ra­
dioactivity was recovered from a peak eluting at 11.5 minutes. We subjected the 
medium sample to TLC and the resulting radiochromatogram is shown in fig.3 . 
Apparently the HPLC 'precursor peak' (8.7 min.,· fig.S ) mainly consisted of 
pregnenolone. No progesterone was present. Chromatography of the peak marked 
with an asterisk in chloroform-ethanol 95:5 (system three; 1x) resulted in 
separation of 17a-hydroxypregnenolone (80%) and 17a-hydroxyprogesterone (20%). 
The compound with the same R. as deoxycortisol (fig.S ) still behaved as de-
oxycortisol in system three (not shown). The peak containing Cortisol and cor­
tisone was also redeveloped in system three (2x) and the radiochromatogram is 
in fig.S . We conclude on the basis of the relative peak areas that the larger 
peak from fig.3 probably is identical to the HPLC peak eluting at 11.5 min. 
(fig.3a). 
After the incubation the remaining tissue was homogenized, extracted and sub­
sequent HPLC analysis (not shown) revealed that very small amounts (2%) of 
17 
the newly synthesized Cortisol (medium + tissue] was tissue bound, indicating 
that storage was negligible, the more since this value was not corrected for 
extracellular spaces. Neither conjugated steroids were stored. The thin layer 
chromatogram of the homogenate (not shown) illustrated that pregnenolone was 
% radioactivity 
10 η 
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Figure 3 Headkldney tissue incubation with 3H-pregnenolone (240 minutes). 
a: HPLC elution profile of the medium. 
b: TLC radiochromatogram of the medium. TLC was carried out in system 1 Ox) 
and in system 2 (4x). *: see text. . 
e: TLC radiochromatogram of the shaded area from fig. 3 after chromatography 
in system 3 (2x). 
- At 240 minutes, 8.5 4 of the radioactive products were water soluble and 2.1 
% of the newly synthesized Cortisol was in the tissue. The tissue did not 
contain any conjugated steroids. 
- 25 mg headkldney tissue was incubated (material from 4 females, weighing 10 g 
in average) . 
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the principal intracellular steroid, while 17аОН-pregnenolone and i7aOH-pro-
gesterone were present in much smaller amounts. No progesterone could be de­
monstrated in the tissue. 
Figure 4 depicts the HPLC profile and radiochromatograms of the medium after 
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Figure 4 Headkidney tissue incubation with H-17ocOH-progesteronB (240 min.). 
a: HPLC elution profile of the medium. 
b: TLC radlochromatogram of the medium. TLC was carried out in systems 1 Ox) 
and 2 (4x). 
e: TLC radiochromatogram of the shaded area from fig.4 after chromatography in 
system 3 (2x). 
- At 240 minutes, 1.0 % of the radioactive products were water soluble and 1.0 
% of the newly synthesized Cortisol was tissue bound. The tissue did not con­
tain any conjugated steroids. 
- 26 mg headKidney tissue was incubated (material from 4 females, weighing 10 g 
in average). 
20 
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incubating headkidney tissue with tritiated 17aOH-progesterone. Judging from 
the HPLC profile it seems that tilapia interrenal cells converted 17oCH-proges-
terone almost exclusively into Cortisol while only small amounts of the steroid 
were processed to cortisone (10.5 min.). Thin layer chromatography (systems 2 
and 3) however revealed the presence of substantial amounts of deoxycortisol 
and androstenedionein the medium (fig.4 ). Testosterone could not be identified 
in both medium and tissue. Important in this respect is that the tissue incuba­
ted with pregnenolone did not release androstenedione to the medium as could be 
evaluated from TLC of the pregnenolone peak (fig.3 ) in system 3 (data not 
% Cortisol immunoreactlvlty 
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Figure 5 Immunogram of headkidney superfusionmedium. 
- Intact headkidneys from 3 females (15 g body weight in average) were super-
fused in vitro (see chapter 2 for details). 
- Fractions (45 min.< t< 90 min.) from three superfusions were pooled and pre­
pared for HPLC. HPLC fractions were dried under Naand steroids were redissol-
ved In 120 μΐ 2% ethyleneglycol. 
- Fifty microliter samples were assayed for Cortisol immunoreactivity in duplo. 
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shown). The peak containing Cortisol and cortisone could be shown to contain 
с 
mainly Cortisol (fig.4 ). The tissue again contained minimal amounts of newly 
synthesized Cortisol (not shown). 
Headkidneys incubated with pregnenolone as exogenous substrate released marked­
ly more conjugated steroids (0.5% of the total medium radioactivity) than tis­
sue supplied with 17αΟΗ-progesterone (1.0%). 
When tissue was superfused without added substrate the immunogram of the su-
perfusionmedium (fig.5) illustrated that our Cortisol antibody mainly detected 
Cortisol (76%). 
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Figure 6 Effect of a simple handling stress on plasma Cortisol levels (open 
bars) and plasma glucose levels. 
- Time between consecutive captures from the group: 60 seconds. 
- The capture procedures started immediately upon entry of the climate room. 
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Figure 7 Lack of effect of isolation on the capture stress response. 
- No visual contact existed between the isolated females. 
Stress 
Tilapia interrenal cells were rapidly activated in response to a relatively 
minor stress (capture procedures) as might be concluded from the elevated Cor­
tisol plasma levels (within one minute; ρ < D.02) after fish were captured 
from a group one by one (fig.6). Cortisol levels reached a maximum (50 pg%) 
within five minutes while plasma glucose concentrations were not affected 
within seven minutes. When we considered the plasma Cortisol levels of the 
animals captured first as resting levels (6.6 - 1.5 yg%; χ - SEMj η = 15) we 
could not observe correlations between resting levels with either gonadal so­
matic index (GSI) or body weight of the animals (results not shown). 
Figure 7 illustrates that isolating the females for three weeks prior to sa-
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crifice had no effect on the stress response to the capture protocol. Resting 
Cortisol levels were equal for solitary and socially living females. 
Cortisol administration. 
The effects of Cortisol administration by means of a meal at t = 0 h on plas­
ma Cortisol and glucose levels are shown in figure 8. The capture stress res­
ponse did not interfere with the plasma Cortisol picture seriously; because 
+ 
both the groups (n=4) were small and the animals (- 7 grams) were small, sam­
pling one group only took two minutes. This stress-free method of Cortisol ad­
ministration proved to be very efficient in quickly raising plasma Cortisol le­
vels in tilapia. Eight hours after the meal plasma levels were not significant­
ly different from those of the animals which had received a control meal at t = 
0 h , but they were elevated above resting levels (t = -16 h ). Fish receiving 
a control meal also displayed a transient elevation of plasma Cortisol concen­
tration. 
From the curve we approximated the biological half life of Cortisol in tilapia 
plasma to be around 90 minutes. 
Two hours after the meal the Cortisol treated group was significantly hypergly-
caemic (fig.θ ). This condition persisted for four hours and glucose plasma le­
vels had returned to normal values at 7 hours. The control fish rather surpri­
singly reacted to the meal with a marked hypoglycaemia at t = 4 h. At t = 11 h 
+ 
the aquariumwater NH. concentration for the Cortisol group was 112 ul"! (15 μ(1 
for the control group), while the potassium concentration was 225 μΜ (195 μΜ). 
The effect of two Cortisol meals àt t = -48 h and t = -24 h on plasma Cortisol 
values of fish kept in groups of seven is presented in figure 9. Evidently the 
stress response to the capture protocol was depressed in the hormone treated 
fish. Not only stress associated Cortisol release was inhibited in Cortisol 
treated fish, since the data from figure 10 indicate that basal secretion rates 
were also depressed in these fish. This result could be substantiated by measu-
ring the rate of newly synthesized Cortisol production by headkidney homogena-
tes incubated with tritiated pregnenolone (fig.11 ). Apparently the formation 
of conjugated steroids occurred rather independently from Cortisol synthesis 
(fig.11b). 
Figure θ Plasma Cortisol response to a control- (o o) or a cortisol-
(« •) meal at t = 0 (= β.00 h a.m.; indicated by verti-
cai bar). 
3 Plasma glucose concentrations of the experimental animals. 
- The animals weighed 7.1 - 0.3 g (n=4 per group). They received their last 
control meal at t - -15 h and were not fed after t = 0 h. 
- Cortisol dose: 1B mg/kg body weight. 
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Figure 9 Plasma Cortisol concentrations of control fish (open bars; data from 
fig.6) and fish which had received Cortisol containing meals (20 mg/ 
kg body weight) at t = -48 h and -24 h (hatched bars). 
- All Cortisol animals 12.9 i 1.2 yg% (means ± SEM; n=2B); ρ < 0.02 when compa­
red with the 15 control fish captured as "firsts". 
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Figure 10 In vitro Cortisol release by headkidneys from control- ( — — — — ) 
and Cortisol treated ( ) tilapia. 
- Tilapia treated with Cortisol received two Cortisol containing meals [20 mg/ 
kg body weight) at t = -4Θ h and -24 h. 
- For details on the superfusiontechnlque see chapter 2. 
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Figure 11 Conversion of 3H-pregnenolonB into Cortisol (a) or conjugated ste­
roids (b) by homogenates of headkidney tissue from control [· -· -·) 
and Cortisol treated ( ) tilapia. 
- Data are expressed as percentage of total radioactivity recovered in the 
Cortisol HPLC peak (a) or in the waterphase (b). 
- For details on the incubation see figure 2, 
- Cortisol group: 4 females [average body weight 56 g) receiving Cortisol meals 
(22 mg/kg body weight) at t = -48 h and -24 h. The headkidneys of these fish 
weighed 2 9 mg (control 272 mg). 
- The HPLC profiles for the control and the experimental group were not quali­
tatively different. 
DISCUSSION 
Steroid biosynthesis. 
Several authors who incubated teleost headkidney tissue or homogenates with or 
without added substrates in vitro have demonstrated the capacity of the inter-
renal cells to synthesize corticosteroids. Reviewing the literature (Butler 
1973) it appears that, although species differences exist, the teleost inter-
renal cells synthesize many of the corticosteroids found in mammals. 
Due to the arrangement of the interrenal cells in the headkidneys of most fish 
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it is not possible to incubate the cells without renal elements [glomeruli and 
tubules), pigment cells, chromaffin tissue and hemopoietic elements. In tilapia 
the picture is relatively simple due to the absence of renal elements and the 
predominantly myeloid nature of the hemopoietic tissue (Nandi & Bern 1960). 
Nandl 8 Bern (1965) incubated tilapia headkldneys with or without ACTH and re­
ported the presence of Cortisol, cortisone, 17a-hydroxy-.11-deoxycorticosterane 
(= 11-deaxycortisol !) and 11-dehydrocorticosterone. Seven years later Colombo 
et al investigated corticosteroidogenesis by tilapia headkidneys from 1',C-pro-
gesterone and identified 17aOH-progesterone, 11-deoxycortisol, Cortisol, cor­
tisone, 11-deoxycorticostBrone, corticosterone, 11-dehydrocorticosterone, 110OH-
progesterone and 21-deoxycortisol. In this latter study Colombo et al used ra­
dioactive progesterone as precursor because their preliminary results, utili­
zing 1,tC-acetate, had indicated that progesterone might be an intermediate in 
tilapia headkidney corticosteroidogenesis. In that their data from these preli­
minary experiments were unconvincing [they achieved only 0.002 % conversion of 
^C-acetate to progesterone), we decided to use pregnenolone rather than pro­
gesterone as radioactive substrate. Pregnenolone is an obligatory intermedi­
ate in corticosteroidogenesis, whereas progesterone is not. 
High performance liquid chromatography (HPLC) has been applied to separate and 
analyse steroids from the mammalian adrenal cortex (Kessler 19Θ2, Cavina et al 
1979, Rose & Jusko 1979) and teleost plasma, headkidney and testis (Huang et al 
1983, nacFarlane 19Θ4, Schreck et al 1985). The incubation of tilapia headkid­
ney homogenate with tritiated pregnenolone illustrated the rapid conversion of 
pregnenolone into Cortisol and cortisone. After three hours 26 % and 13 % of 
the radioactivity was associated with Cortisol and cortisone respectively. 
Other species appear less effective in this respect: a comparable incubation of 
rainbow trout headkidney homogenate (using approximately ten times as much tis­
sue as in the present study) with pregnenolone only yielded 2.5 % Cortisol af­
ter 150 minutes (Arai et al 1969). Sandor et al (1967) also observed only 4 % 
conversion of pregnenolone into Cortisol after a three hour incubation of eel 
headkidney homogenates. 
Intact tilapia headkidney tissue converted pregnenolone not only into Cortisol 
and cortisone but also into a product eluting between these two steroids. Thin 
layer chromatography (TLC) of the incubation medium confirmed the presence of 
this product with a polarity between that of Cortisol and cortisone. It was 
present in the tissue as well and therefore probably does not represent a modi­
fication of Cortisol or cortisone associated with secretion. Subsequent TLC in 
other systems did not reveal the nature of this product. In relation to this, 
Schreck et al (1985) reported that headkidneys of coho salmon, when incubated 
in vitro, secreted large amounts of an unidentified steroid. Goodman (1980), 
perfusing the headkidneys of the eel with tritiated pregnenolone in situ, also 
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observed an unknown steroid in the perfusate. The question whether or not thes'e 
products are related to our unidentified steroid remains to be answered. The 
fact that this product was not present in media of incubations with 17aOH pro­
gesterone indicates that it must have been derived from either pregnenolone or 
17αΟΗ pregnenolone, and its formation might be due to the large amounts of preg­
nenolone [100 nM) supplied to the tissue) since in vivo the conversion of cho­
lesterol into pregnenolone is the rate limiting step in corticosteroidogenesis, 
the interrenal cells normally do not experience high pregnenolone concentra­
tions. 
It was established that the principal pathway to Cortisol and cortisone in tila-
pia proceeds via pregnenolone, 17aQH pregnenolone, 17aOH progesterone rather 
than via progesterone since this steroid was shown to be virtually absent in 
both tissue and medium. Preference for this route has also been established for 
the herring and the atlantic salmon (Sangalang et al 1972). 
The formation of tritiated Cortisol, cortisone and 11-deoxycortisol by tilapia 
headkidneys supplied with labelled 17aOH progesterone confirms results obtained 
by Colombo et al t1972) . Our rate of Cortisol production however was higher 
than that reported by these authors. Using 26 mg headkidney tissue we observed 
some 30 % conversion after 4 hours while Colombo et al, incubating 600 mg tis­
sue with approximately the concentration of 17oOH progesterone we used, obtai­
ned a 17 % yield of Cortisol after 6 hours. 
They did not report the formation of any steroids other than Cortisol, corti­
sone and 11-deoxycortisol from 17a0H progesterone. However, we found that tila­
pia headkidneys in vitro apparently are able to convert 17aOH progesterone into 
androstenedione by cleaving the C-20 and C-21 side chain of 17oOH progesterone. 
No subsequent androgen formation (testosterone) could be demonstrated. 
Arai et al (1969) also identified (small) amounts of androstenedione (1 % after 
30 minutes) in incubations of trout headkidney homogenates. Adding androstene­
dione as a substrate to their incubations yielded 22 % testosterone after 150 
minutes. Schreck et al (1985) even identified more androstenedione than corti-
sol in the medium when they incubated coho salmon headkidneys in vitro with 
added substrate. The biological significance of androgen formation by tilapia 
interrenal cells remains questionable since it did not occur when pregnenolo­
ne was provided as a substrate and it might therefore be related to the high 
concentration of 17aGH progesterone in the in vitro preparation. In line with 
this, Huang et al (19 Э) did not observe androstenedione in carp headkidneys 
which had not been supplied with exogenous substrates. 
In summary, we conclude that Cortisol and cortisone probably are the only two 
corticosteroids produced in significant amounts by tilapia interrenal cells 
in vivo. Although Colombo et al (1972) identified 17-deoxycarticosteroids in 
'incubation media, we suggest that this is due to their choice of large amounts 
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of progesterone as exogenous substrate, a steroid we showed to be bypassed when 
pregnenolone was converted by tilapia headkidneys. Nevertheless, species diffe­
rences may exist and some teleosts might synthesize aldosterone in vivo (White-
house 8 Vinson 1975, Reinking 19Θ3). Taking into account the low sensitivity of 
the gill and gut mucosal corticosteroid receptor of fish to aldosterone and 
cortisone [DiBattlsta et al 1984), we conclude that Cortisol quantitatively and 
qualitatively is the most important corticosteroid in tilapia. Suggestions have 
been put forward that cortisone, although considered biologically inactive it­
self, might facilitate Cortisol action at the target level (Leloup Hatey 1974, 
1979). 
Storage of steroids. 
The results presented indicate that tilapia interrenal cells in vitro do not 
store newly synthesized Cortisol, either free or conjugated. Huang et al С19 З) 
analyzed plasma and unincubated headkidneys from carp and it can be deduced 
from their data that in vivo the headkidneys contain enough Cortisol to raise 
the plasma concentration by some 50 % upon instantaneous total release. The 
occurrence and significance of Cortisol storage in teleosts in vivo remains 
controversial. Singley & Chavin [1975 b) argued that the rise in plasma corti-
sol they observed 15 seconds after subjecting fish to a saline stress [although 
15 seconds probably must be interpreted as BO seconds s see personal communica­
tion in Spieler 1974) must have originated from the release of stored hormone. 
Ashcom (1979) also concluded that during the first 15 minutes of acid stress, 
brook trout increased their plasma Cortisol levels without appreciable de novo 
synthesis of Cortisol. It seems unlikely, although we did not analyse fresh 
tilapia headkidneys, that the rapid stress-induced rise in plasma Cortisol (it 
more than doubled within 60 seconds, fig.6) can be attributed exclusively to 
the release of stored Cortisol. We feel that Cortisol synthesis in tilapia can 
be stimulated very quickly; in line with this we observed very rapid in vitro 
responses to ACTH when tilapia headkidneys were superfused (chapter 2). Henry 
S Bassett (19Θ5) recently came to the conclusion that in rats also rapid de 
novo synthesis of corticosterone plays the major role in stress elevated plas­
ma hormone concentrations. 
Plasma Cortisol; effects of stress. 
The plasma Cortisol level frequently has been used as an indicator of adreno­
cortical function in teleosts, both during physiological adaptation (see chap­
ters 3 and 9) and during stress (see Donaldson 19B1 for review). The order in 
which fish were taken from a group has been shown to influence the measured 
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plasma Cortisol concentrations of carp (Redgate 1974), goldfish (Spieler & Noes 
ke 197Э), salmon (Fagerlund 1967; only females responded] and brown trout 
(Pickering et al 1982, Pickering & Pottinger 1985). but not of rainbow trout 
(Barton 6 Peter 1 Q82). In all these species elevations of plasma Cortisol levels 
only took place three to five minutes after the capture procedure started, tvi-
dently capture stress led to an extremely rapid activation of the pituitary -
adrenal axis in tilapia; within 60 seconds plasma Cortisol concentrations more 
than doubled and peak levels were reached within five minutes (fig.6). Such ra­
pid elevations of plasma Cortisol levels as a result of capture stress have not 
been measured in teleosts before, and it is evident that this phenomenon deva­
luates the usefulness of plasma Cortisol concentration as an index of interre-
nal status in tilapia under different experimental conditions. 
The sensitivity of the tilapia interrenal cells markedly contrasts with the si­
tuation in atlantic salmon where administration of large amounts of ACTH to 
cannulated fish did not result in elevated plasma Cortisol levels until after 
ten minutes (Nichols & Weisbart 1984). Furthermore Sumpter et al (1986) did not 
measure elevated plasma Cortisol levels in trout during a handling and confine­
ment stress within eight minutes. 
A second major difference between the stress responses of tilapia and salmonids 
lies in the plasma level of Cortisol reached, which is almost a fartor ten 
higher in tilapia when compared with the level in brown trout responding to a 
comparable stress (Pickering & Pottinger 19Θ5). An important factor in this re­
spect might be the temperature at which tilapia are kept (2 0 С ) , since it is 
significantly higher than the temperature of the water in which salmonids are 
usually kept. It has been shown that the ambient temperature is a major deter­
minant of both the rapidity and the magnitude of the Cortisol stress response in 
fish (Davis et al 1984). 
If fish were kept isolated and without visual contact for weeks this obviously 
did not abolish the capture associated stress response. We originally adopted 
the isolation procedure to eliminate possible influences of social hierarchy, 
because social rank has been associated with the quantity of interrenal tissue 
in fish (Enckson 1967), with interrenal cell activity (Noakas S Leatherland 
1977, Peters et al 1980) and because isolated male Haplochromis burton! (Ci-
chlidae) displayed lower plasma Cortisol levels than non-isolated fish (Hannes 
& Frank 1983). We demonstrated that this was not the case for female tilapia 
(compare the plasma levels of the fish captured first as resting levels) fig. 
7) 
Resting plasma Cortisol levels in tilapia (6.6 - 1.5 yg%), although well within 
the range of concentrations reported for resting fish -including tilapia from 
another laboratory (Assem 8 Hanke 1981)- are among the higher values when com­
pared with occasionally measured values of less than 1 \ig4 (e.g. trout, Bry 
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19Θ2]. Since we took utmost care to house the animals favourably (see Methods 
section), we feel that other factors might be involved like the sex of the fish 
used (Fuller et al 1974j Audet et al 19B6) and the fact that we sampled our 
fish at 9.00 a.m., i.e. two hours after light onset, a time period which is u-
sually associated with relatively high blood Cortisol levels (Spieler & Noeske 
19Θ1]. Moreover, active species are usually associated with higher plasma Cor­
tisol concentrations (Idler 1973). The fact that we could not observe correla­
tions between resting plasma Cortisol levels and GSI or body weight of tilapia 
contrasts with findings of Bry (1985) on trout and Singley & Chavin (1975 a) on 
goldfish respectively. 
Cortisol administration. 
Since our subsequent studies on the endocrine control of tilapia osmoregulation 
were to include Cortisol administration experiments and since stress (injection, 
surgery) is known to influence osmotic homeostasis (Dharmamba et al 1975, Davis 
8 Parker 1903) we adopted a stress-free method to administer Cortisol from 
Pickering 8 Dunson (1983). As discussed above, tilapia is able to raise its 
plasma Cortisol level very fast; the disappearance of the hormone from the plas­
ma on the other hand occurs very efficiently as well. Comparing fig.8 with the 
disappearance curve published by Pickering (1984) for rainbow trout shows that 
tilapia clears its plasma from Cortisol 8 times faster. Our data also show that 
tilapia receiving a control meal also show transiently elevated plasma Cortisol 
levels. This meal associated rise confirms results obtained by Bry (1982) on 
rainbow trout. 
Glucose plasma levels are known to rise in teleosts after stress (Tandon 8 Joshi 
1973, Chavin 8 Young 1970) and have therefore been designated as an index of 
stress (Hattingh 1976). Cortisol has well documented hyperglycaemic effects in 
fish but the mechanisms of its action appear species specific. The hypergly­
caemic action of the hormone is confirmed in this chapter and since Cortisol was 
administered stress-free, adrenaline, which is also reported to cause hypergly-
caemia in fish (Mazeaud et al 1977, Ottolenghi et al 1984), probably did not 
play an important role. The observed rise in NH and К excretion by the Cor­
tisol treated fish corroborates the results of Storer (1967) on goldfish and 
Chan 8 Woo (1978) on eel. The latter authors concluded that Cortisol promoted 
the breakdown of peripheral tissues which led to stimulated liver gluconeogene-
sis. Leach 8 Taylor (1982), working with Fundulus heteroclitus, observed how­
ever cortisol-induced hyperglycaemia without activated NH excretion. Further­
more, they reported that the stress-associated plasma glucose peak was as pro­
minent in metyrapone (an inhibitor of corticosteroidogenesis) treated fish as 
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it was in control animals (Leach & Taylor 1980). Apparently adrenalin is the 
more important short-term hyperglycaemic hormone in Fundulus. This species va­
riability concerning the endocrine regulation of glucose plasma levels has been 
discussed by Morata et al (1982). 
It is not clear at present whether the hypoglycaemia observed in our contrai 
fish is associated with meals in general or might be related to the starvation 
period (15 hours) that preceded this particular meal. 
Animals fed two Cortisol meals at t = -48 h and t = -24 h exhibit elevated res­
ting plasma Cortisol levels at t = 0 h (fig.9; i.e. "firsts"). Taking into ac­
count that plasma levels were back to control levels some eight hours after a 
first meal, clearance of the second dose must have been slower than that of 
the first dose. In contrast to control fish, the Cortisol treated animals do 
not respond to capture stress with elevated plasma Cortisol concentrations. 
These data provide the first demonstration of an Impaired Cortisol stress res­
ponse in fish through possible feedback mechanisms induced by elevated Cortisol 
plasma levels. Treatment of fish with dexamethasone, a synthetic glucocorti­
coid, led to a blockade of Cortisol release following several types of stress 
(Fryer 1975, Swift 1982). The absence of a sample stress response in fish 
treated with dexamethasone has been demonstrated by Fagerlund & McBride (1969) 
while Gilham & Baker (19Θ5) showed that injection stress did not result in a 
Cortisol response in white adapted dexamethasone treated trout. The interrenal 
cells of dexamethasone treated salmon however are still sensitive to exogenous 
ACTH (Fagerlund 1970) and therefore the assumption that dexamethasone and Cor­
tisol exhibit their inhibitory action at the pituitary level thereby impairing 
ACTH stress responses seems valid. The feedback might be directed on ACTH syn­
thesis or CRF action (Fryer et al 1984). Sage (1968) showed that Cortisol and 
dexamethasone were equally potent in inhibiting the ACTH cells of Xiphophorus 
in vitro. 
The data presented in this chapter not only show that stress-induced cortioo-
steroidogenesis is impaired after Cortisol administration, but in addition de­
monstrate that basal Cortisol secretion rates are also lower in Cortisol trea­
ted fish. The obvious conclusion might be that this is due to lower basal pi­
tuitary stimulation (see above), but we also investigated the possibility that 
Cortisol inhibits the interrenal cells directly. Incubating tilapia headkid-
neys in vitro with tritiated pregnenolone and with or without 100 pg% Cortisol 
revealed no direct effect of Cortisol within ten hours (not shown), thereby 
confirming results obtained with amphibian interrenal fragments (IMetchtailo et 
al 19Θ4). In mammals however direct feedback at the adrenal level on basal and 
ACTH stimulated steroid secretion has been demonstrated (Carsia et al 1984, 
Pham Huu Trung et al 19Θ4). 
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Interestingly, Cortisol stress responses in fishes with already elevated corti-
sol levels have been documented (Ashcom 1979; acid stress followed by electro-
shock as the second stressor) and Gilham 6 Baker (1985) showed that injection 
stress evoked no Cortisol response in white adapted trout while it did in 
black adapted trout, both treated with dexamethasone. 
These results together with ours emphasize the complexity of the stress related 
regulation of teleost interrenal physiology, and one of the conclusion must be 
that every type of stress (handling, injection, electroshock, environmental 
pollution, seawater transfer) creates a plasma milieu different in steroido­
genic potency (Schreck & Lorz 197Θ, Sumpter et al 19Θ5). In relation to this 
the effects of factors, both pituitary- and non-pituitary-, other than ACTH on 
teleost interrenal function will be discussed in the next chapter. 
SUMMARY 
Applying High Performance Liquid Chromatography (HPLC) and Thin Layer Chro­
matography (TLC) to separate corticosteroids we studied the biosynthesis of 
steroids by the interrenals of Qreochromis mossambicus (tilapia). 
Intact headkidneys converted exogenous 17oiOH progesterone mainly into Cor­
tisol, but 11 deoxycortisol, cortisone and androstenedione were also reco­
vered from the medium. 
Incubating intact tissue with pregnenolone in addition resulted in the for­
mation of large amounts of an unidentified product, which was absent in in­
cubations of tissue homogenates with pregnenolone. 
Circulating Cortisol levels rose extremely fast in response to a capture 
procedure. 
Treating tilapia with Cortisol for two days resulted in impaired endogenous 
basal- and stress-induced Cortisol secretion by the interrenals. 
Cortisol is a hyperglycaemic hormone in tilapia. The hyperglycaemia likely 
resulted from peripheral tissue degradation. 
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chapter 2 
interrenal function in tl lapla 
I I . regulation of steroid release 
INTRODUCTION 
The existence of a pituitary-adrenal axis in fishes has been established since 
the early sixties [see Donaldson 1981 for review). In these studies ACTH has 
been implicated as the major pituitary factor regulating interrenal function in 
teleosts. The importance of ACTH for interrenal control in Oreochromis mossam-
bicus ("the tilapia") was demonstrated in 1965 by Basu et al. 
Cortisol has been shown to be a principal product of tilapia steroid producing 
interrenal cells in vitro by Nandi S Bern (1965), and the results presented in 
the first chapter further substantiated their original observations. 
The presence of only one major corticosteroid in teleosts contrasts with the 
multiple adrenocortical products formed in the other vertebrate groups. The 
products of the adrenal cortex of the higher vertebrates are divided into two 
classes: mineralcorticosteroids (aldosterone) and glucocorticosteroids (corti­
costerone or Cortisol), although overlap in function exists between both types 
of corticosteroids. Regulation of corticosteroid release in higher vertebrates 
involves factors like ACTH, 'angiotensin II (A II), vasoactive intestinal pep­
tide (VIP), α-nSH and the plasma potassium concentration. The action of some of 
these factors can furthermore be modulated by catecholamines (Drake & Carey 
1984, Sowers et al 19Θ1). The action of ACTH in higher vetebrates generally is 
associated with glucocorticoid release, while A II and К are the main factors 
regulating mineralcorticoid secretion. a-MSH too seems a more potent secretago-
gue for mineralcorticoids, than for glucocorticoids (Szalay & Stark 1982, Hin-
son et al 19S5). 
The fact that Cortisol is virtually the only corticosteroid produced by the te-
leost interrenal cells, together with the well established glucocorticoid and 
mineralcorticoid effects of the hormone in fishes makes the regulation of fish 
Cortisol secretion an interesting topic in comparative endocrinology. As indi­
cated above, ACTH has been shown to be an important factor regulating Cortisol 
secretion in fish, especially during stress (Donaldson 1981). All species stu­
died display higher plasma Cortisol levels after administration of exogenous 
ACTH (Butler 1973). That the action of ACTH on Cortisol production is a direct 
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affect on the interrenal cells was demonstrated by Ilan & Yaron (1976), who 
studied Cortisol release by the carp interrenals in vitro. 
The involvement of the renin-angiotensin system (RAS) in the control of teleost 
interrenal function is more controversial and all the evidence available at 
present is rather indirect (see Henderson & Garland 1900 for review). 
The possible role of a-MSH in the regulation of teleost Cortisol secretion ori­
ginates from the finding of Baker S Ranee (19Θ1) that both trout and eels exhi­
bit higher plasma Cortisol levels when kept on black backgrounds. On the basis 
of the low steroidogenic potency of a-MSH in vitro however they failed to con­
firm this possibility with their subsequent work (Ranee & Baker 19Θ1). In the 
latter study it was established that the de-acetylated form of a-MSH (desac-a-
MSH) was 100 times more potent in stimulating Cortisol release by trout head-
kidneys, than the monoacetylated form. However, desac-a- MSH is usually consi­
dered the storage form of a-MSH in the melanotrophs of higher vertebrates (Vau-
dry et al 1993). Tilapia MSH cells in vitro on the other hand, secrete more 
desac-α-ΜΞΗ than a-MSH into the medium (our preliminary results). Therefore, 
the possibility that the de-acetylated form of the peptide might be a physiolo­
gical stimulator of Cortisol production in tilapia appeared to be worth further 
consideration. 
In this chapter we report the direct actions of several hormones known to in­
fluence the adrenocortical function of higher vertebrates on tilapia interrenal 
Cortisol production, using an in vitro superfusion technique. The influence of 
prolactin on the tilapia interrenal will be cotmunicated in chapter B. 
METHODS 
Animals Female Oreochromis mossambicus (formerly Tilapia mossambica) were 
kept as described in chapter 1. Average weight of the fish used was 
15 grams. Usually fish were sacrificed at 9.00 a.m.. Headkidneys, containing 
the steroid producing interrenal cells, were excised, weighed and transferred 
to the superfusion apparatus. 
Superfusions Headkidney tissue of two or three fish was placed in a chamber 
(200 ul volume) and superfused at a flow rate of 30 pi/min by 
means of a peristaltic pump (Cenco Breda, The Netherlands) using Technicon tu­
bing. The system was kept at 2 0С. The medium used has been described by Co­
lombo et al (1972). After oxygenation 3 mg/ml bovine serum albumin (BSA; Sig-
++ 
ma) was added to the superfusion medium. The Ca concentration was 2.θ mM. 
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Fractions were collected with a LKB Ultrorac 7000 fractioncollector and were 
kept at -200C until assay. Usually 3 or 6 chambers were superfused simultane-
ously. Secretagogues were administered to the tissue for periods ranging from 5 
to 30 minutes (see figures for further details). In cases where peak area's Ca-
rea under the curve") or peak heights are presented, background was subtracted. 
Radioimmunoassay Cortisol was determined in the fractions by RIA, as outlined 
in the first chapter. 
Reagents Porcine ACTH (1-39, specific activity 175 U/mg) was obtained from Or-
ganon (Oss, The Netherlands). Angiotensin II -(5ar1-Vals) A II- was 
synthesized by Dr. E. Escher (Université de Sherbrooke, Quebec, Canada) and gi-
ven to us by Dr. H. Vaudry (Rouen, France). The purified eel kidney A II was a 
gift from Dr. P. Pang (Lubbock, Texas). Acetylated a-MSH and deacetylated a-MSH 
were obtained from Sigma. Porcine VIP was a gift from Dr. J. Groot (University 
of Amsterdam, The Netherlands). Dibutyryl cyclic AMP was from Sigma. All rea-
gents administered to the headkidney tissue were dissolved in superfusion me-
dium just before use. 
RESULTS 
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ure 2 Stimulation of Cortisol release in vitro by ACTH and dibutyryl cyclic 
AHP¡ desensitization to repeated ACTH pulses. 
Effect of two identical ACTH pulses (5 minutes 1.7 nM each). 
Effect of two dibutyryl cAMP pulses [5 minutes 20 rrfl each). 
Stimulation of Cortisol production by cAMP after a preceeding ACTH pulse. 
Stimulation of Cortisol production by ACTH after a cAUP pulse. 
Maximum superfusion time was 540 minutes. Both light and electron microscopical 
examination of the headkidneys afterwards could not reveal apparent signs of 
tissue degradation. 
Figure 1 shows that tilapia headkidneys secreted Cortisol in vitro at rates 
which did not reach constant baseline levels within eight hours. As depicted in 
fig.2 , Cortisol secretion was stimulated by ACTH very rapidly: secretion rates 
measured in the fractions during which the pulse was administered always excee­
ded those of the previous fractions. Surprisingly, the second pulse of ACTH, 
given three hours after the first one, elicited a reduced stimulationj the a-
pg Cortisol /min mg 
4 
2 
О 
Figure 3 Stimulation of 
Cortisol relea­
se by acetylated α-ΜΞΗ. 
- 5 minute pulsesj 110 μΜ 
acetylated α-ΜΞΗ. 
- Height peak 2/height 
peak 1 χ 100%: 93%. 
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rea's under the curves of the second ACTH stimulation represented only 28 ± 5 % 
(means + SEPI; 7 superfusions) of the first responses to ACTH. Peak heights of 
the second stimulation were 41 ± 7 % from the first ones. This effect could al­
so be produced with lower and higher doses of ACTH (not shown). It is evident 
from the results presented in fig,2 ' that this effect was specific for two 
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Figure 4 The ef­
fect of 
a combined ACTH + 
acetyl- -MSH pulse 
when preceeded by 
an initial ACTH sti­
mulation. 
- Pulses: see le­
gends of fig. 2 
and 3. 
- Height peak 2/ 
height peak 1 χ 
100%: 93%. 
4B 
consecutive ACTH pulses; two pulses with the second messenger cyclic AMP (5 min 
20 тИ dibutyryl cAMP) evoked comparable responses (fig.2 ]. The tissue still 
could be stimulated by dib.cAMP in a second pulse after a previous ACTH-media-
ted stimulation (fig.2C). A first stimulation by dib.cAMP even seemed to enhan­
ce the ACTH effect (fig.2d). 
Tilapia steroid producing cells could also be stimulated by acetylated α-ΜΞΗ; 
the dose necessary to produce responses comparable to the ones presented in 
fig.2 for ACTH was some 60.ODO times higher on a molar basis. Interestingly, a 
second pulse of a-MSH stimulated the tissue in the same order of magnitude as 
the first pulse (fig.3). The experiment outlined in fig.4 shows that after a 
first ACTH pulse a second, combined ACTH + a-fSH pulse resulted in a stimula­
tion of Cortisol release markedly higher than would be expected by ACTH alone 
(compare with fig.2 ). Additional experiments confirmed the lack of influence 
of a first ACTH stimulation on the response to a consecutive a-MSH pulse (not 
shown]. Figure 5 compares the steroidogenic potency of the de-acetylated and 
the acetylated form of α-ΜΞΗ. The concentrations of a-MSH used in this experi­
ment were more than 1000 fold lower than those from the previous superfusions 
with a-MSH. It is evident that des-acetyl-a-MSH was more potent than the acety­
lated molecule. Furthermore, dose-response experiments (not shown) have esta­
blished the lowest concentration of desac-a-MSH to stimulate Cortisol release 
to be in the order of magnitude of the ACTH concentrations used in the experi­
ments illustrated in fig.2. 
The stimulation of Cortisol release by angirtensin II (A II; fig.6) provides 
the first direct effect of angiotensin II (both synthetic- and fish A II) on 
teleost steroidogenesis. The interrenal cells were sensitive to A II concen­
trations of 10 9 and higher (not shown). An interesting feature is the time 
after the pulse necessary to produce the maximum response: some 150 minutes, 
which contrasts with the fast responses to ACTH and α-ΜΞΗ. Preliminary studies 
have raised the possibility that A II also enhances the response of tilapia 
headkidneys to a (second) ACTH pulse as shown in table 1. 
Figure 5 Comparison of the effects of low concentrations of acetylated a-MSH 
and desac-α-ΜΞΗ on tilapia interrenal Cortisol production. 
- Headkidneys were first pulsed with 100 nM ac-a-MSH (t=250-280 min) and after­
wards with 100 nM desac-a-MSH (t=370-400 min). 
- Data are presented from six individual superfusions (means ± SEM). 
- The release rates during the three fractions prior to the first pulse were a-
veraged and taken as basal release rates (100%). 
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Figure 6 Direct effect of (Sar1-Val5) angiotensin II (a) and purified eel 
kidney A II (b) on tilapia interrenal Cortisol production. 
- Doses: a. 5 minutes 50 nfl (Sar1-Val5) A II. 
b. 5 minutes 50 nM equivalents eel kidney A II. 
first pulse second pulse height peak 2 height peak 1 
ACTH 
ACTH 
ACTH 
ACTH 
A II 
ACTH + A II 
41 % 
13 % 
97 % 
Table 1 Potentiating effect of angiotensin II on ACTH-induced Cortisol pro­
duction by tilapia headkidneys. 
- ACTH doses: 5 minutes 2.θ nil. 
A II doses: 5 minutes 10 nM (Sar1-Val5) A II. 
- steroid release to the second pulse was monitored for 40 minutes. 
pgcortisol/min- g 
2-
0 J ^ 
200 400 
time -mia-
Figure 7 Effect 
of VIP 
(20 minutes 20 уІЧ) 
on tilapia corti-
sol release. The 
headkidneys super-
fused in this ex­
periment were not 
weighed. Release 
rates therefore a-
re related to the 
body weight of the 
fish. 
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It might be concluded from fig.7 that tilapia Cortisol production was sensitive 
to vasoactive intestinal peptide tVIP). After an initial stimulation peak le­
vels again were reached soms two hours after the pulse. 
DISCUSSION 
We used an in vitro superfusion technique to investigate the regulatory con­
trol of Cortisol release by headKldneys of Oreochromls mossamblcus (tilapia) by 
several pituitary and non-pituitary peptides. Incubating corticosteroid produ­
cing tissue in vitro is a widely used method to study the regulation of hormone 
release. Superfusion techniques have been validated for mammalian adrenal tis­
sue (Tait & Schulster 1975), isolated adrenal cells (Tait & Schulster 1975, Po-
desta et al 19Θ0, Lambert et al 1984, Pham-Huu-Trung et al 1979,1981) and the 
amphibian homologue of the zona glomerulosa (Leboulenger et al 197B). In vitro 
studies on the control of Cortisol release by teleost headKldneys have focus-
sed mainly on the effects of ACTH (Ranee & BaKer 1981, Ilan & Yaron 1976, Gup-
+ + 
ta et al 1985) and Ca (Leloup-Hatey 1970), although evidence has been pre­
sented that other secretagogues might be able to influence teleost Cortisol 
release in vivo, such as a-MSH (Ball & HawKins 1976, Baker & Ranee 1981) and 
angiotensin II (see Henderson & Garland 19B0 for review). 
Adrenocorticotropin (ACTH). 
Ilan & Yaron (19Θ0), also using an in vitro superfusion technique, already pu­
blished some data on the effect of ACTH on Cortisol release by the headkidneys 
of a tilapia. Comparing their and our data with those of Gupta et al (1985) on 
trout suggests that tilapia is a more suitable experimental animal for these in 
vitro studies than trout. For instance, Gupta et al were unable to obtain in 
vitro ACTH stimulation of Cortisol release by tissue of control (= unstressed) 
trout. 
One major difference between teleost headkidneys and the adrenocortical tissue 
of higher veterbrates lies in the fact that in vitro steroid release by the 
steroid producing cells of teleosts did not reach baseline levels. This indi­
cates that these cells in the fish headKidney in vivo are mainly under stimu­
latory control. Decline in steroid output after the start of in vitro superfu-
sion is generally explained by the lack of this in vivo stimulation ("in vivo 
decay hypothesis". Tait & Schulster 1975). 
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In their paper Ilan S Yaron (19 СП discussed the sensitivity of their tilapia 
preparation to ACTH in vitro and cocluded that, although plasma ACTH levels re­
ported for teleosts vary greatly [resting levels from 20 pg/ml -Sumpter & Do­
naldson 19ΘΒ a- to 120 pg/ml -Swift 1982-, while stress levels as high as 6200 
pg/ml have been documented -Singley S Chavin 1975-), the doses used in vitro 
could be considered to be within physiological limits. We therefore used the 
doses of ACTH also administered by these authors (Ilan & Yaron 1900). 
Our data strongly suggest that the Cortisol producing cells of tilapia were de­
sensitized to ACTH after an initial stimulation by the hormone. The blunted 
response to the second pulse apparently was not caused by exhaustion of the 
tissue, since it could still be stimulated by the second messenger cAMP, but 
was specific for two consecutive ACTH pulses. In this respect too, fish corti­
costeroid producing tissue behaved differently from frog interrenal [Leboulen-
ger et al 1978) and rat adrenocortical tissue (Tait & Schulster 1975), where 
successive doses of ACTH elicited comparable responses. There are however in­
dications that, in higher vertebrates too, corticosteroid producing cells may 
show desensitlzation to ACTHi stimulating rat decapsulated adrenals continous-
ly with ACTH led to declining steroid output within two hours, suggesting de­
creased sensitivity of the cells to the hormone (Schulster et al 1970, in Tait 
& Schulster 1975). Interestingly, Schulster et al (1984) recently reported de­
sensitlzation of superfused rat isolated zona fasciculata cells to repeated 
pulses of ACTH and ACTHj. _. at doses comparable to the ones we employed. 
The authors did not observe desensitlzation following repeated doses of cyclic 
AMP and therefore implicated the receptor-nucleotide regulatory protein com­
plex in the desensitization mechanism. In addition, Cronshaw et al (1985) re­
ported that tissue slices of the subcapsular zone of the duck adrenal gland 
could not be stimulated at all by a second ACTH pulse, identical to the first 
one. It remains to be established whether this phenomenon observed in vitro 
operates in tilapia in vivo as well. If so, fish would have to depend on addi­
tional stimulatory mechanisms of Cortisol synthesis and release to be able to 
maintain high plasma Cortisol levels for longer periods, and a search for ad­
ditional secretagogues regulating the interrenal cells takes on added signi­
ficance. 
a-nelanocyte stimulating hormone (α-ΜΞΗ) 
In view of the above it is unlikely that the stimulation of Cortisol release 
by acetylated a-MSH observed in vitro will operate in vivo. The possibility of 
a role for this peptide In the regulation of adrenocortical function in fish 
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had been raised by Baker & Ranee (1981) and Ball & Hawkins (1976), but was re­
jected after the -low- steroidogenic potency of acetylated a-MSH had been esta­
blished (Ranee & Baker 1901). The fact however that tilapia pituitaries relea­
sed more des-acBtyl-a-MSH than acetyl-a-MSH (see introduction), combined with 
the markedly higher steroidogenic potency of desac-a-MSH at more physiological 
concentrations reported in this study (see also Ranee & Baker 19Θ1) points to 
the desacetyl form of a-MSH as a potential physiological regulator of teleost 
Cortisol production. Sumpter et al (1985, 1966 b) reported a rise in plasma a-
MSH (= acetyl- + desacetyl-a -MSH !) and Cortisol during stress, which provides 
a model to study the possible role of these melanotrophic peptides in the regu­
lation of the teleost interrenal. 
Stimulation of mammalian adrenocortical secretion by a-MSH was originally re­
ported by Sayers et al (1971) and has been shown to operate via receptor mecha­
nisms different from those on the melanocytes (Vinson et al 1980). Furthermore, 
aldosterone production by isolated rat adrenal cells was more sensitive to a-
MSH stimulation than corticosterone release (Szalay & Stark 1982; Shenker et al 
1985). Szalay S Stark (1982) also found that doses of a-MSH that itself had no 
effect, potentiated the ACTH stimulation of both zona fasciculata corticostero­
ne and zona glomerulosa aldosterone production. The growing body of data led 
Vinson et al (19B4) to postulate α-MSH a potentially important regulator of al­
dosterone secretion in the rat. Suggestions have been forwarded that α-MSH in 
these systems operates via two different receptor mechanisms (Szalay & Stark 
1982), at least one of these being different from the ACTH receptor (-S; Bris-
tow et al 1980). It should be noted that tilapia Cortisol production was not 
desensitized to α-MSH, where it was to ACTH, after one pulse of the respective 
hormone, and that a first ACTH stimulation did not influence the response to a 
second α-MSH pulse, which lends support to the idea that in tilapia ACTH and a-
MSH also act via different receptor mechanisms. 
Angiotensine II 
The stimulation by angiotensin II of tilapia Cortisol production is the first 
demonstration of a direct effect of A II on the teleost interrenal. The stimu­
lation by the analogue -(Sar1-Val5) A II- was comparable to that by an equiva­
lent dose of purified eel A II. 
Results from investigations into extra-pituitary factors regulating teleost in­
terrenal function have been substantiated by experiments showing that hypophy-
sectomized fish can maintain a daily rhythmicity in plasma Cortisol concentra­
tion (Fundulus grandis; Meier & Srivastava 19/5). Interest has ітніпіу bean fo-
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cussed on the renin-angiotensin system (RAS]. Teleosts in general possess a 
simple juxta-glomerular apparatus (Sokabe et al 1973, review by Nishimura & 
Bailey 19Θ2), and in tllapia JG cells occur on the afferent glomerular arteri­
oles, not along the efferent arterioles (Krishnamurthy & Bern 1969). Several 
angiotensins have been identified from teleost kidney and plasma (Hayashi et 
al 1978, Takemoto et al 1983, Khosla et al 1985), differing not only in amino 
acid composition but also in immunological properties (Nishimura et al 1977). 
To date the effects of angiotensin II reported for fishes concern drinking be­
haviour (Kobayashi et al 1983, Саггіск & Balment 1983, 1984, Mirano & Hasegawa 
1984), renal function (Churchill et al 1979, Gray & Brown 1985), and gill cal­
cium fluxes (Fenwick & Peng So 1981). Data on the role of the RAS in interre­
nal regulation are conflicting (Reinking 1983, Kenyon et al 1985). Perhaps the 
major complication of studying the influence of A II on the adrenal cortex in 
vivo lies in the fact that any effect observed might be secondary to the pres­
sor effects of the peptide (Nishimura et al 1976, Kojima et al 1985). 
Takahashi et al (1985), who studied the effect of human angiotensin II on rain­
bow trout interrenal function in vitro, did not observe an effect of the pepti­
de on Cortisol production. Significant in this respect might be that the analo­
gue we used has valine in position 5, as is the case with all the characterized 
fish angiotensins, but not with human angiotensin. The importance of valine in 
position Shas been documented (Sakarellos 1983). 
The potentiating effect of A II on ACTH stimulation of tllapia Cortisol produc­
tion corroborates data of Morera et al (1984) on cultured bovine adrenal cells, 
but contrasts with the results of Pham-Huu-Trung et al (1981) on Cortisol pro­
duction by isolated guinea-pig adrenal cells; Cortisol production by these 
cells (in vitro) however is extremely insensitive to angiotensin II. These con­
tradictions between data on different preparations might in part originate from 
the fact that both ACTH and A II can stimulate steroidogenesis via different 
pathways (Bell et al 1985). 
An interesting feature of the angiotensin II effect is its relatively slow sti­
mulation of the tllapia Cortisol release, which contrasts with the prompt res­
ponses to ACTH and α-ΜΞΗ. Adrenocortical cells of higher vertebrates usually 
respond immediately to A II stimulation (Perroteau et al 1984). The significan­
ce of this difference awaites further elucidation. An interesting possibility 
might be that the intracellular mechanism of A II action in fish requires pro­
tein synthesis. 
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Vasoactive intestinal peptide (VIP) 
The stimulation of tilapia Cortisol production by VIP again provides the first 
evidence for a possible role for VIP in the regulation of Cortisol release in 
teleosts. Here too, the kinetics of the response are different from those ob-
served with adrenocortical tissues of higher vertebrates (Leboulenger et al 
1983,1964), and resembles the response of the headkidneys to angiotensin II. 
The neuropeptide VIP has been located in the frog chromaffin tissue and has 
been postulated to operate as a paracrine modulator of -especially- aldostero-
ne release (Leboulenger et al 1984). VIP has been isolated from fish gut (Fou-
chereau-Peron et al 1980), and recent evidence suggests that the material from 
lower vertebrates might differ structurally from mammalian VIP at the C-termi-
nal part of the molecule (Thorndyke & Shuttleworth 1985). 
The data presented in this chapter indicate that the regulation of teleost cor-
ticosteroidogenesis is an interesting topic of research, especially from a com-
parative point of view. First of all because of the unique position of Cortisol 
in these animals, being virtually the only steroid produced and possessing both 
mineralcorticoid and glucocorticoid activities. The fishes therefore lack the 
-though not strict- separation between these two classes of adrenal steroids, 
which has been established in the amphibians and has been maintained throughout 
the vertebrates. The division of these two classes is reflected in separate re-
gulatory mechanisms in these animals. The adrenal homologue in fishes on the o-
ther hand displays sensitivity to a number of regulatory peptides operative in 
the higher vertebrates: ACTH, ct-MSH, angiotensin II and VIP. The type of res-
ponse by the teleost interrenal cells to all these peptides appears to differ 
qualitatively from the amphibian, reptilian and mammalian reactions, thereby 
complicating the fundamentally simple teleost picture of one corticosteroid. 
The qualitative differences include desensitization to ACTH (although this has 
very recently been suggested to occur also in mammals), higher steroidogenic 
potency of desacetyl-a-MSH when compared to the acetylated form (a difference 
absent in frogs, Leboulenger et al19BG), and the relatively slow responses to 
angiotensin II and VIP. 
All these facts concerning fish corticosteroidogenesis regulation add up to a 
challenge to comparative endocrinologists. 
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SUMMARY 
1. We developed an in vitro superfusion technique to study the regulation of 
Cortisol secretion by the interrenal cells of Qreochromis mossambicus (tl-
lapia). 
2. Cortisol production was stimulated by ACTH (1-39) and the second messenger 
cyclic AMP. 
3. Interrenal cells appeared densensitized very quickly to ACTH, but not to 
cyclic AMP. 
4. Very high doses of acetyl-a-MSH stimulated Cortisol production. The tissue 
however could be stimulated repeatedly with comparable results. 
5. When we compared the steroidogenic potency of acetyl-α-ΜΞΗ with the deace-
tylated form of the peptide it was found that, at 10" M, desac-a-MSH was 
much more potent than acetylated a-MSH. 
6. Тііаріа interrenal Cortisol production could be stimulated by (Sar1-Val5) 
angiotensin II as well as by an equivalent dose of purified eel A II. Peak 
levels were reached two hours after the pulse, which contrasted with the 
fast responses (maximal after 20-30 min) to ACTH and a-MSH. 
7. Porcine VIP (2 μΜ) also increased steroid release by the interrenal cells. 
This stimulation also seemed to consist of a slow and a fast component. 
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chapter 3 
tllapla interrenal function In hyperosmotic regulation 
INTRODUCTION 
Cortisol, the major corticosteroid in Dreochromis mossambicus "the tilapia", 
see chapter one), has traditionally been associated with teleost osmoregulation 
under hyperosmotic conditions. In 1967 Иауег et al. observed that freshwater 
[FW) interrenalectomized eels survived longer than interrenalectomized speci­
mens living in seawater (SW). Furthermore, in Anguilla rostrata Cortisol 
treatment accelerated SW adaptation, as judged from the onset of Na efflux 
(Forrest et al 1973, Epstein et al 1971). Moreover, all teleost species studied 
so far transiently possess higher Cortisol plasma levels after fresh- to seawa­
ter transfer The opposite transfer seems to have little effect upon plasma Cor­
tisol concentrations, with Fundulus heteroclitus (Jacob S Taylor 1963) and ti­
lapia (Assem S Hanke 1961) serving as possible exceptions. 
Although these studies established the importance of Cortisol in the seawater 
adaptation process, it is obvious that Cortisol plays an important role in te­
leost freshwater osmoregulation as well (Dharmamba & flaetz 1972). The prevai­
ling idea is that Cortisol under both hypo- and hyperosmotic conditions regula­
tes the active transport of ions between the internal and external environ­
ments (Dharmamba 1979). 
It is well documented that plasma Cortisol levels in freshwater and fully a-
dapted seawater fish are similar (see table 1), an interesting finding given 
the fact that the ion transport mechanisms under hypo- and hyperosmotic condi­
tions are qualitatively (uptake versus extrusion) and quantitatively (see Dhar­
mamba et al 1975 and Potts et al 1967 for data on tilapia) different. Studies 
on the production and clearance rates of Cortisol in FW and SW fish are contra­
dictory. In European eels values for both parameters are about twofold higher 
in fully adapted seawater animals than in FW adapted specimens (Leloup-Hatey 
1974, Henderson et al 1974). Саггіск 8 Balment (1964) on the contrary calcula­
ted production and clearance rates for FW and SW flounders to be the same. 
Histological reports comparing interrenal steroid cell activities in adapted FW 
and SW fish also have produced conflicting results. With different parameters 
as indicators for cell activity, freshwater steroid producing cells were esta-
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bushed to be more active [Hanke S Bergerhoff 19ВЭ, Johnson 1972) or less acti­
ve (see Olivereau & Ball 1970, Chavin 1966, Hanke & Bergerhoff 1969, Bhattacha-
ryya & Butler 1979) than their seawater counterparts. At present no data are a-
vailable on the number and size of steroid cells [i.e. the volume of steroid 
producing tissue) in the headkidneys of fish adapted to different osmotic con­
ditions. In this paper we report histological data on both the number and the 
appearance of interrenal steroid cells of tilapia adapted to freshwater and to 
hyperosmotic environments. 
In their studies on the Cortisol production rates of FW and SW eels Henderson 
et al (1974) and Leloup-Hatey (1974) did not discuss the regulation of the in­
creased secretion in seawater eels. ACTH is generally accepted as the most im­
portant corticotrophic factor in teleosts, but histological reports seem to in­
dicate that ACTH cells are more active in freshwater fish than in seawater fish 
(Olivereau 8 Ball 1970). The number and size of ACTH cells in the pituitary 
gland could be an important parameter to establish the possible involvement of 
ACTH in the control of Cortisol release under different environmental condi­
tions. We therefore measured in our experimental groups the total volume of the 
pituitary ACTH cells. 
In the previous chapter we showed for the first time the direct corticotrophic 
action of angiotensin II (A II) in a teleost. Since the renin-angiotensin sys­
tem (RAS) has been implicated in seawater adaptation (Henderson et al 1976, Ko-
bayashi et al 19Θ3) we combined in this study the histological and ultrastruc­
tural data on the ACTH and interrenal steroid cells with in vitro superfusions 
of headkidneys to study interrenal function, paying special attention to the 
effects of angiotensin II and ACTH on Cortisol release by tilapia adapted to 
hypo- and hyperosmotic conditions. 
In the present study we adapted tilapia not only to freshwater and seawater 
(S30 mosm SW), but also to freshwater containing only added NaCl to reach the 
same ostnolarity as seawater (830 mosm NaCl). We anticipated that the fish adap­
ted to the latter condition would face additional (hyper-) osmoregulatory pro­
blems, especially because this water lacked the В nil Ca present in the sea-
+ + 
water. Adaptation of tilapia to seawater without Ca has been shown to result 
in osmoregulatory disturbances (Wendelaar Bonga & van der Meij 1980, 19Θ1). 
METHODS 
Animals The animals used for the histological studies were female Oreochromis 
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mossambicus (tilapia) of about 15 grams. The fish were Kept in groups 
of 6 to θ animals in 120 liter aquaria as described in chapter 1. The animals of 
which the headkidneys were used for in vitro superfusions were housed individu­
ally in 30 liter aquaria as described in chapter 1. These animals weighed 14.θ ± 
1.3 g (η=6ι FW group) and 15.6 ± 0.5 g (n=6; SW group). All fish were kept iso­
lated from tilapia males at least five weeks prior to the adaptations and were 
starved 24 h before experimental use. 
Adaptations Tilapia were adapted to seawater [Θ30 mosm) by adding Wimex sea-
salt (Wieland GMBH S Co, Krefeld, W. Germany) to freshwater in 
four steps: from FW to 200 mosm SW on day 1, to 400 mosm SW on day 3, then to 
600 mosm on day 5 and two days later to the final concentration. The first stage 
in the adaptation to 830 mosm NaCl was the addition of 330 mosm NaCl to the 
tankwater. After one week the water was refreshed and thereafter osmolarity was 
raised to 830 mosm through daily steps of 25 mosm. Adaptation procedures took 
6 [SW) or 8 (830 mosm NaCl) weeks. 
Histology Headkidneys were fixed for electron microscopy as described by Wen­
delaar & van der (leij (1981). Light microscopical studies were per­
formed after fixing pituitaries and headkidneys in Bouin's fluid. Headkidneys 
were sectioned at 10 urn thickness, and the steroid tissue was examined after 
haemalum eosin staining. For every fifth section the total area of the steroid 
cells was measured (Kontron Digiplan). Nuclear areas were measured for sixty 
cells per animal from different regions in the headkidneys. 
The pituitaries were sectioned at 10 urn thickness and the ACTH cells were im-
munocytochemically stained (Verburg-van Kamenade et al 1984). For every animal 
the volume of the pituitary lobe occupied by the ACTH cells was evaluated by 
measuring the total ACTH cell area on every fifth section from the pituitary, 
using a Kontron Digiplan. 
Superfusions Each pair of headkidneys was superfused separately and challeng­
ed with ACTH and angiotensin II according to procedures descri­
bed in chapter 2. Cortisol concentrations in superfusion media(75 μΐ) and unex-
tracted plasma (5 μΐ) were assayed in duplo by a radioimmunoassay (RIA) as out­
lined in the first chapter. 
Statistics When appropriate data are presented as means ± SEH. Differences 
between corresponding groups were analyzed by means of the Stu­
dents' t test for unpaired observations. 
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RESULTS 
Interrenal steroid cells from SW adapted tilapia appeared more active than FW 
steroid cells as judged by the two to threefold increase in the number of mito­
chondria per cell, the expansion of RER and the larger areas occupied by the 
Figure 1 Steroid producing inter-
renal cells of tilapia 
adapted to freshwater -a- or 830 
mosm seawater -b-. 
n=nucleus, ts=tubular system, RER= 
rough endoplasmatic reticulum, m= 
mitochondrion, ld=lipid droplet. 
χ 8000. 
*' ч-Н^ ^ f. Jvft 
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tubular system (fig.1). It is clear from figure 2 however that this apparent 
increase in activity was not reflected by enlarged nuclear areas. Fish adap­
ted to 830 rnosm NaCl on the other hand possessed steroid cells with signifi­
cantly larger nuclei Cp S 0.01). A very pronounced difference between FW and SW 
simil i tissue «sl im - n u 3 . 1 8 
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Figure 2 [above) In­
terrenal 
steroid cell nuclear 
areas from freshwater 
tFW) fish, seawater 
(SW) fish, and fish a-
dapted to 30 mosm 
NaCl. The fish were 
adapted to the experi­
mental conditions for 
6 to θ weeks and the 
interrenal cells were 
examined by light mi­
croscopy (see Hethods 
section). 
Figure 3 Total volumes of the interrenal cells in FW, SW and saline adapted 
animals (see fig.2). 
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tilapia was observed when the total volume of the steroid cells present in 
these groups was quantified (fig.3): seawaterfish showed a tenfold larger volu­
me (p S 0.001). Again, adaptation of fish to saline apparently affected the 
interrenal system more than adaptation to seawater of the same osmolarity: the 
increase in steroid tissue volume was 6 times higher than that of the SW fish 
Cp S 0.001). 
We measured the quantitative differences in ACTH tissue volume for our three 
experimental groups (^ig.A). The data indicate that hyperosmotic adjustment to 
Θ30 mosm NaCl resulted in a nearly twofold increase in total pituitary ACTH 
cell volume, while adaptation to SW had no significant effect. 
»CTH I¡uni inline -mm3· 10 3 m 4. 
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Figure 4 Total volumes of 
the pituitary ACTH 
cells of tilapia adapted to 
freshwater, seawater and 830 
mosm saline. The volumes of 
the pituitary lobes occupied 
by the ACTH cells was deter-
mined at the light microsco-
pical level after immunocyto-
chemical staining of the 
cells. 
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weeks 
weeks 
weeks 
weeks 
Leloup-Hatey 1974 
Henderson et al 1974 
Fenwick & Forster 1972 
Ball st al 1971 
Hirano & Utida 1971 
Forrest et al 1973 
Jacob & Taylor 1983 
Redding et al 1984 
Саггіск S Balment 19 4 
Nishimura et al 1976 
Table 1 Plasma Cortisol concentrations of fully adapted freshwater and seawater 
teleosts (yg%). 
Table 2 shows the plasma Cortisol levels of freshwater (FW), seawater (830 
mosm SW) and 830 mosm NaCl adapted tilapia. In contrast to the large differen­
ces observed in the histological data no significant disparities in plasma 
Cortisol titers occurred. 
The results of the experiments on the in vitro release of Cortisol by FW and 
SW tilapia headkidneys are presented in fig.5 (unfortunately at present we do 
not have data on the 830 mosm NaCl group). It is clear that the interrenal 
cells of SW adapted fish intially secreted more Cortisol, but release rates 
subsequently declined to low levels for both groups. Seawater adaptation appa­
rently did not lead to alterations in the interrenal sensitivity to ACTH. In 
contrast, the response to angiotensin II, which was followed for one hour af­
ter the pulse, was enhanced in the SW group. 
plasma [collisti] η 
FW 1 4 . 6 ± 2 . 9 12 
ВЗОЛШ SW 1 5 . 9 ± 3 . 9 6 
830mosm ІаСІ 2 2 . 9 ± 5 . 8 6 
Table 2 Plasma Cortisol concentrations (pg%) of tilapia adapted 
to hyperosmotic environments. 
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Figure 5 In v i t r o superfusion of freshwater and seawater t i l a p i a i n t e r r e n a l s . 
At t=2D0 min, t i s s u e s were challenged with 0.Б mU ACTH, administered 
in five minutes. 150 minutes l a t e r , 10 minute pulses with (Sar 1Val 5) angiotensin 
II were administered. The points in the curves represent mean values for three 
individual superfusions. 
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DISCUSSION 
The histological studios on the teleost headkidneys available to date include 
measurements of a variety of parameters in order to elucidate the functional 
state of the interrenal steroid cells during and after seawater adaptation of 
the fish. Teleost steroid cell nuclear diameter has been reported a reliable 
index of cell activity (Yaron 1970), although "pitfalls", such as regional va­
riations in the headkidneys, might interfere with the results (see Donaldson 
1981). We therefore measured for every animal nuclear areas of sixty cells in 
various regions of the headkidneys. In the case of tilapia we found that the 
nuclear areas,and therefore the mean size of the nuclei, were similar in FW and 
SW adapted fish. This suggests that the state of activity of the individual 
steroid producing cells were comparable under both conditions. Since we were 
unable to observe differences in steroid cell volume or intercellular spaces 
between experimental groups (not shown), the more than tenfold increase in to­
tal volume of the steroid producing cells that was observed in the fish from 
hyperosmotic environments must therefore reflect a comparable increase in the 
number of cells per fish. Our conclusion is that tilapia regulates interrenal 
function during hyperosmotic adaptation primarily by adjusting the number of 
interrenal cells operating, rather than by modifying the activity of the indi­
vidual cells. Thus the total volume of steroid tissue might be an important 
factor in the interrenal function of other teleosts as well. It has to date 
only been included in the study by Yaron (1970), who considered the "relative 
abundance of interrenal tissue in the headkidney". He showed that the amount 
of steroid tissue varied between seasons, peaking Just prior to the spawning 
period. 
It is clear from the morphometric data presented that hyperosmotic regulation 
affected the pituitary-adrenal axis in tilapia. Although the concentrations of 
+ 
Na and CI (the major constituents of seawater) were nearly equal under the 
two hyperosmotic conditions tested (B30 mosm seawater and B30 mosm NaCl), the 
latter condition evidently led to an increased activation of this pituitary-
adrenal axis. It has been shown that exposure of tilapia to saline solutions 
with the same osmolarity as seawater led to a significantly higher plasma osmo-
larity in the saline adapted fish (Wendelaar Bonga & van der Meij 19B0). Wo 
suggest that the increasod activation of the pituitary-adrenal axis in the fish 
adapted to 830 mosm NaCl reflected the additional (hyper-) osmoregulatory pro-
+ + ++ 
blems these animals faced. The absence of high Ca (and Mg ) concentrations 
in the saline likely contributed to the osmoregulatory disturbances (Wendelaar 
Bonga & van der Meij 19Θ1). 
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Plasma Cortisol; production and metabolic clearance rates. 
Despite the lack, of conformity between the results of the histological studies 
comparing FW and SW interrenal function (see Introduction), nearly all authors 
measuring plasma Cortisol levels during seawater adaptation report an identi­
cal picture: Cortisol concentrations initially rise reaching highest levels two 
hours (Assem & Hanke 1981, Redding et al 198^, Hirano 8 Utida 1971) nr longer 
after seawater entry, hully adapted seawater animals however exhibit plasma 
Cortisol levels identical to those of FW fish (table 1). The same goes for tila-
pia: eight wcoks a-^ ter adaptation to full strength seawater plasma Cortisol ti­
ters were similar to those of FW controls. In line with the morphometric data, 
the plasma levels of the saline adapted fish tended to be higher. The fact that 
this difference was not significant was related to the reaction of the fish to 
the capture procedures (chapter 1). 
Plasma Cortisol levels are the result of secretion rates and metabolic clearance 
rates (riCR). The first studies comparing these two parameters for freshwater and 
seawater European eels showed that both were significantly increased in seawater 
adapted animals, which resulted in identical plasma Cortisol concentrations (Le­
loup-Hatey 1974, Henderson et al 1974). Forrest (197G, cited in Ball et al 1971) 
however, working on the зате species as these authors, measured similar Cortisol 
clearance rates in FW and SW animals. Furthermore, in a study on Platichthys 
flesus, Carrick 8 Balrrent (19Θ4 a) reported production and clearance rates as 
well as plasma Cortisol titers to be the sane in fresh- and seawater adapted a-
nimals. Two recent studies on brook trout (Nichols et al 19Θ5) and on Atlantic 
salmon (Nichols & Weisbart 1985) seem to indicate that the species studied and 
the time after SW transfer are of extreme importance when comparing results on 
Cortisol production and clearance rates during SW adaptation. 
Taking the initial in vitro ccrtisol release rates as indices for in vivo secre­
tion rotes , we calculated these to be 0.40 pg cortisol/h.kg body weight for FW 
and 1.B3 \ig cortisol/h .kg body weight for SW tilapia (p S 0.01). "he FW secreto­
ry rate for tilapia is comparable with in vivo production rates reported for o-
ther FW teleosts: 0.Θ (Henderson et al 1974, Anguilla anguilla), 1.2 (Nichols et 
al 1985, Salvelinus fontinalis) and 0.7 (Leloup-Hatey 1974, Anguilla anguilla). 
In a later study Leloup-Hatey (1976) reported a secretory rate of 2 \ig Cortisol/ 
h.kg body weight for freshwater eel. Donaldson & Fagerlund (1969) calculated a 
Cortisol secretory rate of 0.9 pg/h.kg for gonadectomized female Oncorhynchus 
nerka. Our method of extrapolating in vitro results to in vivo secretion rates 
apparently gives results comparable with in vivo determined secretion rates in 
other species. Two species apparently produce larger amounts of Cortisol in FW: 
^latichthys flesus (30 pg/h.kg, Carrick S Balment 1984 a) and Salmo salar (15.6 
pg/h.kg, Nichols & Weisbart 19B5). 
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Adaptation of tllapia to seawater apparently led to a 300% increase in Cortisol 
secretory rate; an increase higher than reported for eel: 75% (Ieloup-Hatey 
1974) and 69% [Henderson et al 1974). The highly increased Cortisol production 
rates by tilapia headkidneys observed in vitro likely reflect increased corti-
sol secretion in vivo. Bearing in mind the results from histological studies, 
which showed the pituitary ACTH cells were generally more active in freshwater 
(Olivereau & Ball 1970), combined with our finding that there is no hyperplasia 
of the ACTH tissue during seawater adaptation, suggests that the evidently ele­
vated in vivo Cortisol secretory rate might not be dependent on the corticotro-
phic action of ACTH, the more since the in vitro response to ACTH was the same 
for fully adapted FW and SW tilapia. Interestingly, Young (1985), who studied 
seawater adaptation by coho salmon, observed that the transient rise in plasma 
Cortisol levels upon entry in SW was accompanied by an increased sensitivity of 
the interrenals to ACTH in vitro. Two weeks after SW transfer both plasma corti-
sol titers and interrenal ACTH sensitivity were identical to the ones in FW ani­
mals. 
In tilapia another endocrine factor, such as angiotensin II, may be involved in 
the regulation of Cortisol production in fully adapted SW fish. In the previous 
chapter we established the potency of A II in directly stimulating teleost Cor­
tisol release. The renin-angiotensin system (RAS) has been shown to influence 
drinking behaviour (Kobayashi et al 19Θ3, Нігапо & Hasegawa 1984, Саггіск & Bal-
ment 1984 b) and might be involved in adaptation of fish to seawater (Sokabe et 
al 1973, Takei et al 1985, So & Chan 19 5). Krishnamurthy & Bern (1973) observed 
juxtaglomerular cells of tilapia increasing in granularity, size and number fol­
lowing seawater entry. In addition to this we established for seawater headkid-
ney tissue of tilapia in vitro a clearly higher response to a short pulse of 1 
nM A II compared to FW control tissue. Furthermore, our studies using the in vi­
tro superfusion technique (chapter 2) have indicated that A II was especially 
effective in stimulating Cortisol release when supplied together with ACTH. The 
higher sensitivity of SW animals to physiological concentrations of A II there­
fore might be an important factor in maintaining the higher secretory rates of 
Cortisol in seawater tilapia. Kenyon et al (1985), who studied European eel 
Cortisol metabolism, failed to confirm this possibility for this species. 
One of the interesting aspects of interrenal function of tilapia during seawater 
adaptation is that Cortisol secretion rates are higher in seawater tilapia than 
in freshwater fish whereas circulating plasma levels are similar in these fish, 
which confirms data on other species studied (see table 1). Evidently the con­
clusion is that metabolic clearance rates are also higher in the tissues of sea­
water adapted tilapia than in freshwater tilapia. This might be an important fac-
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tor determining the biological effect of the hormone, since Cortisol regulates 
physiological processes that operate differently under seawater and freshwater 
conditions (i.e. active ion transport). A possible explanation for the increased 
clearance rate could be altered sensitivity of target cells to the hormone during 
seawater acclimation, but it is also possible the availability of Cortisol to 
the cells might be altered via different plasma concentration ratio cortisone: 
Cortisol (Leloup-Hatey 1974). 
Suggestions have been made that Cortisol exerts its effects at the target level 
via synergisms with other hormones, for instance prolactin. An alternative expla­
nation for the different actions of Cortisol under freshwater and seawater condi­
tions might be that the daily rhythm of plasma Cortisol concentration might be 
different in SVI and SW, thereby changing net effects which are achieved through 
combined actions with other hormones (see Spiler 1979 for review). It might be 
relevant in this respect that prolactin plasma concentrations fall dramatically 
after SW entry (Nicoli et al 19Θ2, Jacob & Taylor 1983) 
SUmARY 
1. Freshwater (FW) Oreochromis mossambicus (tialpia) were adapted to two envi­
ronments: S30 mosm seawater (SW) and 030 rnosm saline (830 mosm NaCl) to as­
sess interrenal function during hyperosmotic regulation. 
2. Morphometric results indicate that adaptation to these hyperosmotic waters 
resulted in a sustained activation of the pituitary-adrenal axis. A stri­
king feature was the more than tenfold increase in the number of interrenal 
Cortisol producing cells. 
3. Comparison of the morphometric data on the saline group with those on the 
seawater group showed that the former group clearly possessed a more active 
pituitary-adrenal axis, which likely reflected the additional (hyper-) os­
moregulatory disturbances these animals faced. 
4. Plasma Cortisol levels of the three experimental groups were not signifi­
cantly different, although the levels of the B30 mosm NaCl adapted fish 
tended to be higher. 
5. In vitro measured Cortisol release rates by the interrenal cells were sig­
nificantly higher in SW fish than in FW fish. This was not accompanied by 
hyperplasia of the pituitary ACTH cells, nor by altered ACTH sensitivity of 
the interrenal tissue. Headkidneys from SW tilapia on the other hand were 
more sensitive to low concentrations (1 nd) of angiotensin II. 
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chapter 4 
characterization of transport Na-ATPases in g i l ls of freshwater 
tl lapla 
- f i rs t evidence for Na+/H+(-NH/4+) ATPase activity in fish g i l ls 
INTRODUCTION 
Freshwater teleosts continuously take up sodium ions from the strongly hypoto-
nic environment in order to compensate for the diffusional loss of the cation. 
The gills have been shown to be the major organ in the uptake process. The 
chloride cells (Keys & Wilmer 1932), or ionocytes, are generally considered as 
the actual sites of Na uptake in the tight epithelium of the gills. This as-
sumption was at first based on the observation that these cells contain high 
concentrations of mitochondria. More recently it was established, both by ul-
tracytochemical (Hootman & Philpott 1979) and biochemical (Sargent et al 1975 
+ + 
a) evidence, that the chloride cells contain the highest levels of Na /K ATP 
ase of all branchial cells. To date, the electrochemical gradient of Na which is 
+ + 
built up via Na /K ATPase activity is regarded as the driving force for transepi-
+ 
thelial Na uptake in a variety of ion translocating epithelia (Skou 1973, Kirsch-
ner 1903, Jíírgensen 1985), including fish gills (de Renzis & Bornancin 19Θ4). 
Studies on the localization and biochemical characteristics of branchial Na /K 
ATPase for a number of species have shown that the teleost enzyme meets the re-
+ 
quirements for a Na transport enzyme in freshwater: its exclusively basolate-
ral localization in the chloride cells agrees with the idea that the energy -
+ 
requiring step in transepithelial Na transport under freshwater conditions is 
the extrusion of sodium ions from the chloride cells into the extracellular 
space (see general introduction). 
+ 
In order to maintain electrical neutrality, fish must balance their net Na up­
take by excreting equal amounts of positive charge. Flux studies with intact 
+ + 
fish have shown that Na /H exchange is the most likely mechanism operating at 
+ + 
the gill level in freshwater. Exchange of Na for H has been shown to be 1m-
+ 
portant in Na uptake (Kirschner 1973, Maetz 1973) but the concomitant excre­
tion of protons is an important factor in acid-base regulation (see Heisler 
+ + 
19Θ4 a for review). The Na /H exchange mechanism seems to have evolved early 
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in vertebrate history, that is, before representatives of the group entered 
freshwater [Evans 1904 a). 
+ + + + 
To date information on the molecular basis for Na /H exchange is scarce. Na /H 
antiporters have been described in eukaryotes as well as in prokaryotes (review 
by Krulwich 1ЭВЗ). In higher vertebrates Na /H exchange occurs in several epi-
thelia (Forte & Reenstra 1Э 5) and, dependent on the tissue studied, electroge-
+ + 
nie proton pumps or electroneutral Na /H exchange mechanisms operate. From the 
data of Ehrenfeld et al (19Θ5) it appears that an electrogenic active proton 
+ + 
pump facilitates Na /H exchange at the apical membrane of the skin of the am-
+ 
phibian Rana esculenta. Several authors studying the coupling of Na uptake and 
+ 
H extrusion in gills of freshwater teleosts however have envisaged an electro-
neutral antiport system located in the apical membrane of the chloride cells 
driven by the basolateral Na /K ATPase (Kerstetter et al 1970, Maetz 1974). 
+ + 
Evidence for the existence of an apically located Na /H antiporter in part 
stems from studies applying the diuretic amiloride (Kirschner 1973), which 
blocks Na channels at low concentrations (< 10 yM) but, at higher concentra-
+ + 
tions, also inhibits Na /H exchange mechanisms (Benos 1982). Two different ap-
+ 
proaches have been applied to study the effect of amiloride on Na uptake in 
freshwater fish. In an in vivo study Kirschner et al 1973) observed that amilo-
+ + 
ride, when added to the external medium, inhibited Na influx and H efflux, 
+ -
leaving Na efflux -which occurs via paracellular routes- and both CI influx 
and efflux unaffected. Using an isolated trout gill preparation and rather high 
concentrations (2mM) of the diuretic. Kerstetter & Keeler (1976) confirmed the 
+ 
inhibitory action of amiloride on Na uptake. 
+ + 
Although Na /K ATPase is generally considered the enzyme driving transepithe-
+ 
liai active Na uptake in freshwater, several authors have reported potassium 
independent, sodium activated ATPase activities (Na -ATPases) in the gills of 
teleosts (Pfeiler S Kirschner 1972, Pfeiler 197Θ, Borgatti et al 19Θ5). These 
authors discussed the function of these Na -ATPase activities exclusively in 
+ 
terms of Na transport. In view of the strong correlation observed between 
+ + 
transepithelial Na uptake and H efflux under freshwater conditions however, 
+ 
an interesting possibility would be that teleost chloride cells exchange Na 
+ 
for H basolaterally as well as apically. This would imply that the basolateral 
+ + + + 
membrane system contains a Na /H ATPase distinct from Na /K ATPase, since ba-
+ 
solateral Na translocation is energy dependent. We investigated this possibi-
+ + 
lity by studying the effects of both ouabain (Na /K ATPase inhibitor) and ami-
+ + + 
loride (Na /H exchange inhibitor) on Na activated ATPase activity in purified 
gill plasma membranes of the cichlid teleost Oreochromis mossambicus ("the ti-
lapia"). 
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METHODS 
Animals Female tilapia (body weight about 20 g] were kept in our laboratory 
under conditions described in chapter 1. 
Purification of plasma membranes Animals were killed by spinal transection. 
Gill bars were removed and the soft tissue 
scraped off onto a glass plate (QI>C). Material was collected in an isotonic 
buffer containing: 5 irti imidazole/ L-histidine pH 7.5, 250 mM sorbitol, 12.5 
mM KCL, 0.2 mM PMSF and 0.5 mM Na.EDTA. The original homogenate U\fìì was pre-
pared by 12 strokes with a loosely fitting dounce homogenizer in a large volu-
me of buffer. Further purification was achieved by differential centrifuga-
tion: 50 min 100.000 g (Beekman LB-BO) yielded a pellet [P ) which was resus-
pended in 12 ml medium by 100 douncer strokes. Nuclei were discarded (P ) af-
ter 10 min 1000 g (Beekman TJ-6) and a pellet mainly containing mitochondria 
(P ) was obtained after 10 min 10.000 g (Sorvall RC-513). A 60 min run at 
100.000 g (Beekman LB-BO) resulted in a final pellet (P ) , which consisted of 
leaky (EOTA) plasma membrane vesicles and fragments. Pellets P_ and Ρ were 
resuspended in small volumes of ultrapure wdter, diluted to 0.5 mg protein/ 
ml, quickly frozen in liquid nitrogen and stored at -700C. 
Enzyme activities usually did not decline within one week. The potassium con­
centration in the stored plasma membrane fraction was approximately 6 μΜ. 
Assays Membrane protein was measured using a commercial BioRad protein kit 
(500-0006) with bovine serum albumin (BSA) as reference. Na /K + ATP 
ase activities were determined by the method of Bonting & Caravaggio (1963); 
10 μg of protein was added to 3Θ0 μΐ medium containing: 100 mM NaCl, 5 mM 
MgCl , 0.1 mM Η EDTA, 3 mM Na ATP (vanadate free, Sigma) and 30 mM imidazole 
pH 7.4. Enzyme activity was calculated from the difference in ATP hydrolysis 
in medium A (12.5 mM KCl added) and medium E (1 mM ouabain added), after in­
cubating 10 min at 370C. The potassium concentration in medium E amounted to 
about 11 μΜ. Reactions were stopped on ice by adding 1.5 ml θ.6% TCA, and the 
amount of inorganic phosphate (P.) liberated from ATP (determined according 
to Fiske & SubbaRow 1925) was used for ATPase activity calculations. No de­
tergents were used. Activities are expressed as umoles P./h.mg protein. 
+ 
Amiloride inhibition of Na -dependent ATPase activity was calculated from the 
difference in ATPase activities between media with or without 3 mM amiloride. 
Basal ATPase activity (i.e. insensitive to ouabain and amiloride) consisted 
of aspecific phosphatase activity. 
Succinate dehydrogenase (SDH) activity was estimated according to Pennington 
(1961), using fresh material. Activities are expressed as Δ A /h.mg protein 
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All chemicals used were of highest quality commercially available; amiloride 
was a gift from Пегск, Sharpe 8 Dohme. 
RESULTS 
With our isolation procedure plasma membrane fractions were obtained that were 
+ + 
highly enriched in Na /K ATPase. The specific activity of the Ρ fraction was 
11 fold higher than in the original homogenate (H ¡ table 1). The low recovery 
[0.4%) of SDH activity indicated that mitochondrial contamination was negligi-
+ + 
ble. On the other hand, almost 20% of the Ma /K ATpase activity was recovered. 
Figure 1 demonstrates that the plasma membrane fraction of tilapia gills con-
+ + + 
tained an amiloride sensitive IMa -ATPase entity distinct from Ma /K ATPase. 
+ 
The two Ma -ATPase fractions appeared to have some properties in common (table 
2): pH optimum, the high preference for ATP as a substrate, the lack of oligo-
+ + 
mycin sensitivity and the Mg concentration which half maximally activated the 
+ 
ATPase activity. In contrast, К had opposing effects, the sensitivity of the 
+ 
two types of Na -ATPases being almost equal. Furthermore, the activation energy 
+ + 
of the amiloride-sensitive enzyme was lower than that of Ma /K ATPase. 
The activity ratio (amiloride-sensitive/ ouabain-sensitive) of the two enzyme 
fractions was found to be rather constant for tilapia plasma membranes: 0.B4 ± 
0.24 (means ± SD; 17 preparations). 
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Table 1 Comparison of succinic dehydrogenase (SDH) activity and Ka /K ATPase ac­
tivity in the original homogenate (Ho), the mitochondrial pellet (P2) and 
the plasma membrane fraction (Рэ) of tilapia gills. 
SDH activities in ДАцзо/тч? protein.h (specific activity) 
Ïïa*/K* ATpase activities in μπιοί P./mg protein.h (specific activity) 
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figure 1 Amiloride inhibition of Na dependent, К independent ATPase activity 
in gill plasma membranes of tilapia. The specific ATPase activity in 
the Α-K medium was taken as 100%. Different concentrations of amiloride were 
added to this medium. Results are the means (± SEM) on three individual membrane 
preparations. 
It appeared that maximal stimulation by NH was comparable for both enzyme 
fractions: about 300% at 20 mM NH + (fig.2). Their sensitivity to NH + however 
differed: К values of less than 1 mM versus 7 m(1 for the amiloride and oua-
a 
bain s e n s i t i v e f r a c t i o n s , r e s p e c t i v e l y . 
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тШ sipsillii І^-АТРіи ІЯШІІ smillte ΙΓ-ATPiu 
pH optimum 7.85 .00 
substrate specificity: 
ADP/ATP activ. ratio 
AMP/ATP activ. ratio 
0.20 
0.03 
0.31 
0.05 
activation energy 22 Kcal/mole l6 Kcal/mole 
oligomycin sensitivity absent absent 
K
a
M g 0.65 mM 0.1+5 mM 
К effect (concentration 
for ì max. effect) 
stimulation 
(7.U mM) 
inhibition 
(5.7 mM) 
Table 2 Comparison ouabain sensitive and amiloride sensitive sodium depen-
dent ATPase activities in gill plasma membranes of tilapia. 
* In both cases, no discontinuity was observed in the range from 
ιο'Ό - 37<'C. 
** Oligomycin was tested in concentrations ranging from 1 yg/ml to 
15 Ug/ml. 
figure 2 (next page) NH. stimulation of ouabain-sensitive (Na /K ATPase) and 
amiloride-sensitive (Na /H ATPase) Na -ATPase activities 
in gill plasma membranes of tilapia. The specific activity in the absence of NH 
was taken as 1G0%. 
- Values are means of three separate experiments. 
- Half maximal stimulation for ouabain-sensitive Na
+
-ATPase at 7 mM, 
loride-sensitive Na -ATPase activity at M mM NH . 
and for ami-
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vspec Na* ATPase 
зоо 
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DISCUSSION 
The results presented in this chapter for the first time demonstrate that in 
+ 
gill plasma membranes of freshwater fish amiloride sensitive IMa -ATPase activi-
+ + 
ty is present. This ATPase activity differed in several aspects from Na /K ATP 
+ + 
ase. The value for freshwater tilapia gill specific IMa /K ATPase activity pre­
sented in this chapter is the highest reported to date: specific activities in 
fish literature range from 1.5 ymoles Ρ /h.mg protein (Dharmamba et al 1975) to 
14.4 ymoles Ρ /h.mg protein (Ho S Chan 1980) . These differences most likely re­
sult from the isolation procedures used: both the lowest (1.5) and the highest 
(Б5.9, this chapter) specific Na /K ATPases activities published for freshwa-
85 
ter teleost gill are for the same species, Oreochromis mossambicus (tilapia). 
Although species differences probably exist, factors inherent to the plasma mem­
brane isolation and ATPase assay procedures used, i.e. the addition of deter­
gents (Busacker & Chavin 19Θ1; compare Jacob S Taylor 19Θ3 with Towle et al 
1977), preincubation of the membrane suspensions (Trigari et al 19Θ5, Pfeiler & 
Kirschner 1972, Pfeiler 1976, 1978), assay temperature (Sargent et al 1975 b) 
and sensitivity to storage (Oharmamba et al 1975, Johnson et al 1977) certainly 
contribute the larger part to the differences observed. 
The inorganic phosphate concentration in the assay medium can be an inhibiting 
factor of enzyme activity; however, under the assay conditions employed this 
concentration never exceeded 0.5 mil, which at pH 7.4 has been found without ef-
+ + 
feet on Na /K. ATPase activity (Huang 8 Askari 19Θ4). Potassium is often omitted 
+ + 
from the ouabain medium in Na /K ATPase assays (Schuurmans Stekhoven & Bonting 
19B1). This approach is valid only if the membrane preparation does not contain 
potassium dependent, sodium independent ATPase activity. This type of ATPase ac­
tivity was found to be absent in our preparation (data not shown) and we there-
+ 
fore omitted К from the ouabain medium. 
+ + 
The properties of tilapia gill Na /K. ATPase reported here are in agreement with 
+ + 
previous results on teleost gill Na /K ATPase: a pH optimum of 7.85 is close to 
the value of 7.6 reported for goldfish (Busacker & Chavin 1981), while the acti­
vation energy is relatively high when compared to literature data (range: 7.3 
Kcal/mol for sea bass to 19.5 Kcal/mol for seawater trout). It has been mentio­
ned that this parameter of the enzyme is extremely sensitive to storage (Pfeiler 
+ + 
1978). No discontinuity in the Arrhenius plot for branchial Na /K ATPase could 
be observed. This is in contrast with the situation for eel (Sargent et al 1975 
b, Thomson et al 1977), but confirms results of Pfeiler on seawater trout and 
Trigari et al (1985) on sea bass (range: 50C - 45 0C). Shifts in enzyme activity 
normally are associated with changes in phospholipid viscosity of the membrane. 
+ + + 
The value for half maximal in vitro stimulation of Na /K ATPase by К (7.4 mM) 
corroborates results obtained by several authors,- К values range from 0.8 mM 
(Pfeiler S Kirschner 1972) to 14 mM (Johnson et al 1977). The same holds for 
+ + + + 
the Hg concentration stimulating tilapia Na /K ATPase half maximally: the va­
lue of 0.65 mfl found for tilapia is close to the 0.8 mM for goldfish (calculated 
by us from Busacker & Chavin 1981). 
Na+/H+ ATPasb 
+ + 
Na /K ATPase is generally accepted as the enzyme mediating active sodium uptake 
by a number of epithelia (Skou 1973, Kirschner 1983, Jeirgensen 1985). Our pre-
+ 
"sent results indicate that a second Na -dependent ATPase might be present in te-
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leost gills and on the basis of its amiloride sensitivity and К independency 
+ + 
we postulate that this enzyme might be mediating energy dependent Na /H ex­
change in the teleost gill. The enzyme is likely to be located in the basolate-
+ + 
ral membrane system of the chloride cells since it co-purified with IMa /K ATP 
ase (data not shown here). 
Na /K ATPase of mammalian origin has been reported to be amiloride sensitive 
(Soltoff et al 19Θ3, Natochin et al 1905). Soltoff et al added amiloride and ou­
abain together to the assay medium, a procedure which in our hands leads to o-
+ + 
verestlmation of the amiloride effect on Na /K. ATPase (not shown). Furthermore, 
+ + 
experiments with a pure Na /K ATPase preparation (de Pont, pers. comm.) indi-
+ + 
cate that the dose-response curve for Na /K ATPase inhibition differs marKedly 
from the results presented in this chapter. On the other hand, at present we 
cannot exclude the possibility that the amiloride sensitive fraction of total 
+ + + 
Na -ATPase activity in tilapia gills contains some Na /K ATPase activity,- al-
+ + 
though clear differences in К and NH sensitivities of both enzyme activities 
seem to contradict such a possibility. Interestingly, amiloride did not inhibit 
+ 
К -nPPase activity in our preparation (not shown). Furthermore, adaptation of 
+ + 
tilapia to seawater or to low pH environments alters the ratio Na /H ATPase 
+ + 
versus Na /K ATPase activity (chapters 5 and 9), indicating a physiological 
+ 
role for the amiloride sensitive Na -ATPase. 
+ + 
Data on tilapia plasma К concentrations (chapter 9] and NH. concentrations 
(chapter 7, see also King & Goldstein 1983) show that these values are near the 
+ 
К and K. values of the Na -ATPases we measured in this study. We therefore 
a i 
suggest that these ions might be important physiological factors modulating ac-
+ 
tive Na transport, a possibility often overlooked in fish physiology. 
Teleost fish are ammoniotelic and produce predominantly ammonia (Smith 1929), 
+ 
which -at physiological pH- is ionized to NH immediately after production. 
Йоге than 90% of the nitrogen is excreted via the gills and current evidence 
indicates that under normal conditions a relatively fixed 25% of this excretion 
takes place via NH + excretion (Evans 1984 b, Heisler 19Θ4 b). Fish gill Na+/K+ 
+ 
ATPase has been shown to be sensitive to NH in vitro, its sensitivity being 
greater (freshwater Qpsanus beta, Mallery 1979), equal (goldfish, Busackor S 
Chavin 1981) seawater jpsanus beta, Mallery 1983), or lower (chinook salmon, 
Johnson et al 1977; sea bass, Trigari et al 1985, and 10% seawater Qpsanus beta 
Mallery 19Θ3) to that for К . Trigari et al (1985) calculated an apparent К 
+ 
for NH of 5.6 rnd for sea bass, a value similar to ours. 
Kerstetter & Keeler (1976) concluded from their data on isolated gills of trout 
+ + 
that Na /NH. exchange was located bosolaterally in the gill lamellae, while 
Claiborne et al (1982) and Mallery (1983) also linKed Na /NH + exchange to ba-
+ + + + + + 
solateral Na /K ATPase. Na /NH exchange by Na /K ATPase has been shown to 
87 
occur in mammalian tissues as well (Garvin et al 19Θ5). dur results however in-
+ 
dicate that the amiloride sensitive Na -ATPase might even be more important in 
+ + + + 
teleost freshwater l\IH. extrusion than Na /K. ATPase. In fact, at the NH plas-
+ 
ma concentrations measured in tilapia plasma, this amiloride sensitive Na -ATP 
+ + 
ase might be mediating basolateral Na /NH exchange exclusively, whereas the 
+ + + 
sensitivity of Na /K ATPase to NH might not be of physiological significance 
in tilapia gills. 
SLMARY 
1. Plasma membranes of the gills from the cichlid teleost Greochromis mossambi-
+ + + 
cus (tilapia) contain two Na dependent ATPases: Na /K ATPase and an amilo­
ride sensitive ATPae which is postulated to operate as a Na /H (-NH. ) ATP 
ase, and seems to be located in the basolateral membrane system of the chlo­
ride cells. 
+ + + 
2. К has opposing effects on the two enzymes, stimulating Na /K. ATPase and 
inhibiting Na+/H+ ATPase. 
+ + + + + 
3. Na /H ATPase is more sensitive to low NH, concentrations than Na /K. ATP 
4 
+ + 
ase and this stimulatory effect by NH could be important in NH excre­
tion by tilapia gills under normal physiological circumstances. 
+ 
4 . I n v i t r o maximum s t i m u l a t i o n by NH i s t h e same f o r t h e two enzymes (200%) . 
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chapter 5 
effects of environmental salinity on Na+-ATPases In tl lapla g i l ls 
INTRODUCTION 
In the previous chapter we demonstrated that freshwater tllapla gills contain 
two Na+-activated ATPases: Na+/K+ ATPase and Na+/H+(-NH +) ATPase. In a first 
attempt to study the functional relationship between both enzymes, we studied 
their activity in tilapia gills after adaptation of freshwater fish to ambient 
waters of higher salinity. 
+ + + 
The central role of Na /K ATPase in active Na uptake by epithelia of fresh­
water fish, including gills, is virtually undisputed. In freshwater gill epi­
thelium the enzyme Is located on the basolateral extensions of the chloride 
+ 
cell surface and drives the energy-dependent translocation of Na from the 
cell into the body fluids. 
+ + + 
The function of Na /K. ATPase in Na extrusion in seawater fish however is con­
siderably more controversial. Experiments by Maetz in the late sixties indica­
ted that the Na efflux in seawater fish was strongly dependent on the environ­
s-
mental К concentration (Maetz 1969). Furthermore, external ouabain was found 
to be inhibitory on sodium extrusion (Evans et al 1973). Therefore, it was con-
+ + 
eluded that Na /K ATPase was directly responsible for the active component of 
+ 
the Na efflux in seawater,- as a consequence of these findings the enzyme was 
+ 
postulated to be located in the apical membranes of the chloride cells. Na 
+ 
flux measurements on fish showed that net Na efflux in seawater was considera­
bly greater than net Na Influx in freshwater (Potts et al 1967, Dharmamba et 
+ + + 
al 1975). Further evidence for the importance of Na /K. ATPase in SW Na extru­
sion followed from studies on the specific activity of the enzyme during seawa-
+ + 
ter adaptation; it could be established that eel gill Na /K ATPase activity 
gradually rose during seawater adaptation. Seawater enzyme levels were consis­
tently higher, irrespective whether enzyme activities were assayed in gill ho-
mogenates (Utida et al 1971, Kamiya 1972 b, Epstein et al 1980), isolated chlo­
ride cells (Kamiya 1972 a) or gill microsomal preparations (Butler & Carmichael 
1972, Sargent et al 1975 a, Thomson & Sargent 1977, Ho 8 Chan 1980). Branchial 
+ + 
Na /K ATPase activity of another widely studied species, rainbow trout, also 
appeared to be elevated after seawater adaptation (Leadem et al 1974, Jürss et 
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al 19Θ6), although acclimation by this species might be slower than in the case 
of the eel (Abo Hegab & Hanke 1966). 
Three lines of more recent evidence however cast serious doubt on the concept 
+ + + 
that Na /K ATPase activity is coupled directly to active Na extrusion in sea-
water. First, enzyme localization studies firmly established that in seawater 
the enzyme is restricted to the basolateral membrane system in the chloride 
cells, most likely pumping sodium to the interstitial fluids (Karnaky at al 
+ + 
1976). Secondly, not all species studied so far exhibit higher specific Na /K 
ATPase activities in seawater than in freshwater; the opposite has been repor­
ted for Dpsanus beta (Mallery 19B3), Gillichthys mirabilis (Doñeen 1961), Che-
Ion labrosus (Gallis et al 1979), Dìcentrarchus labrax (Laserre 1971) and Pla-
tlchthys flesus (Stagg 8 Shuttleworth 19Θ2). Finally, measurements of trans-
epithelial potentials have shown for a number of seawater adapted fish that Na 
was nearly in electrochemical equilibrium over the gill epithelium (see Evans 
1960 for summary); the recent demonstration that in fact chloride ions instead 
of sodium ions are actively extruded by the chloride cells of seawater telecsts 
(Foskett et al 1963), further substantiates the fundamental objections against 
+ + + 
a direct relationship between Na /K ATPase and Na extrusion in seawater. 
+ + + + 
To investigate the roles of Na /K ATPase and Na /H ATPase in active NaCl ex­
trusion under hyperosmotic environmental conditions we adapted tilapia to sea­
water (Θ30 mosm SW), a situation in which the fish might not have to extrude 
Na actively (Silva et al 1977). In addition, we adapted fish to a saline solu­
tion with the same osmolality as seawater (630 mosm NaCl), a condition which in 
comparison with seawater presents additional (hyper-Josmoregulatory problems to 
the fish, which likely result from the low ambient Ca concentration (see chap­
ter 3, and Wendelaar S van der Meij 1980). It is feasible that Na+ under 830 
mosm NaCl conditions is shifted (further) from electrochemical equilibrium over 
+ 
the branchial epithelium, which will impede the transepithelial movement of Na 
which is passive under normal seawater conditions according to the model of Sil­
va et al (1977). Active Na transport therefore might be an additional compo­
nent of NaCl extrusion in the 630 mosm NaCl adapted fish. Finally, we adapted 
tilapia to situations intermediate to freshwater and seawater: 330 mosm SW and 
+ 
330 mosm NaCl. In these latter situations plasma and water Na concentrations 
+ 
are near equality; one might therefore assume that the need for active Na trans­
port will be minimal in these fish, provided electrical gradients are small. 
In this study we decided to work with tilapia fully adapted to the experimental 
conditions. In order to determine the time period necessary to achieve adapta­
tion to seawater we monitored in a first experiment the changes in the number 
and size of the chloride cells after transfer of tilapia to seawater, since the 
data of Foskett et al (1981) indicated that there might be several stages in 
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in the adaptation of tilapia to seawater. To comlete the picture, we combined 
the biochemical data on ATPase activities with morpholocical data on the bran­
chial epithelium of the fish from the experimental groups, paying special refe­
rence to the chloride cells. 
METHODS 
Animals Female tilapia (average weight 16,1 g] were kept individually and a-
dapted to the various evironmental conditions as described in chapter 
3. The fish were adapted for 4 weeks [330 mosm SW and 330 mosm NaCl) or θ weeks 
[830 mosm SW and Θ30 mosm NaCl). 
Chloride cells Chloride cell densities in the opercular membrane of the fish 
were determined by incubating one operculum per fish in an o-
xygenated DASPEI solution as described by Foskett et al (1961). 
Electron microscopy Small sections of gill tissue were examined by electron 
microscopy after fixation according to Wendelaar Bonga 6 
van der Meij (1980). 
Na -ATPase activities Purification of gill plasma membranes was as described 
+ 
in the previous chapter. Na -dependent ATPase activi­
ties were assayed according to the procedures outlined in chapter 4, 
Statistics Data are presented as means ± SEM for groups of six fish. Statis­
tical analysis was carried out applying Student's t-test for un­
paired observations. * indicates ρ £ 0.05j ·* ρ < 0.02; • · * ρ < 0.01 and * · * * 
ρ < 0.001. 
RESULTS 
When tilapia were adapted to seawater (830 mosm SW) in three steps (fig.1) we 
observed rapid increases in both the number and size of the opercular chloride 
cells. In contrast, transferring fish directly to seawater led to a signifi­
cant reduction in the number of chloride cells within one day: 31.5 +4.3 
cells/mm2; n=5; ρ S 0.001). Both the increases in number and in size of the 
cells were transient and after 7 weeks no significant differences existed be­
tween seawater and control (=freshwater) fish. Adaptation of tilapia to 830 
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Figure 1 Effect of seawater (SW) adaptation by tilapia on the number and size 
of the chloride cells in the opercular epithelium. n=5 for every 
group. 
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РшЬнЮг (FW) 
330 mos™ semler [SW] 
330 ш п salili ОзСІ) 
830 mos™ шіаіеі 
B30 nosm saline 
[ctilûiide cell] 
- i / m m 2 -
165 ± 7 
а + i o * * · · 
7 2 + 9 . · · * 
174 i 7 
1059 ± 44 * * * * 
cell dlenieter 
- l i n ­
io.в ± 0.2 
1 1 . 5 ± 0 . 2 
1 1 . 5 ± 0 . 1 
1 2 . 4 ± 0 . 4 * 
1 4 . 3 ± 0 . 5 * · · 
Table 1 Opercular chloride cell surface area densities and dia­
meters of tilapia adapted to various environmental con­
ditions. n=6 per group. 
mosm SW for θ weeks in a subsequent experiment confirmed the lack of effect on 
opercular chloride cell number (table 1). The cells of the seawater tilapia were 
slightly larger than those of freshwater animals in this experiment (p S 0.055. 
The fish that were kept under isoosmotic conditions showed a highly significant 
reduction in the number of chloride cells. The most pronounced effect on chlo­
ride cell number and size was observed when we adapted tilapia to 830 mosm NaCl. 
Morphological examination of the branchial chloride cells by electron microsco­
py learned that when freshwater tilapia were adapted to seawater (830 mosm 
SW), the gill epithelium had diminished its "tight appearance", as judged from 
the larger intercellular spaces and the reduction in the distance between the 
water and the blood spaces. In freshwater 4 to 5 cell layers separated these two 
compartments but in seawater tilapia the gill epithelium consisted of 2 cell 
layers in average (fig.2). The distinguishing feature of the seawater chloride 
cell, when compared with the chloride cell of freshwater fish, was the degree of 
branching of the tubular reticulum (fig.3b due to the increased diameter of the 
tubules, the relative volume of the system in relation to the cytoplasm increa­
sed. When tilapia were adapted to Θ30 mosm NaCl the gill chloride cells appeared 
like their seawater counterparts in many aspects) the tubular system however was 
even more branched, although less swollen in appearance than in seawater (fig.4). 
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Figure 2 Electron 
micro­
graphs of gill fi-
lamental epithelium 
of freshwater -a-
and 830 mosm seawa­
ter -b, next page-
adapted tilapia. 
χ 10.000. abbrevia­
tions: cc=chloride 
cell, mr=microridge 
bl=basal lamina, mc 
=mucus cell, vc=ve-
nous compartment, 
em=external medium, 
n=nucleüs. 
em 
The interesting difference between the saline and the seawater fish was the gill 
structure of the first group, which was close to that of the freshwater fish (4 
to 5 cell layers thick, small intercellular spaces, fig.4). 
Total Na - 'ependent ATPase activities are presented in fig.5. The most prominent 
+ + 
response was observed when we measured branchial Na /K ATPase activities in 
fish adapted to saline environments. Whereas the animals adapted to either 330 
+ + 
mosm or Θ30 mosm seawater did not change the total activities of Na /K ATPase 
and Na /H ATPase, addition of 330 mosm NaCl already doubled the total activity 
of both enzyme fractions. Increasing the NaCl concentration to 830 mosm evoked 
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Figure 3 Details of the cytoplasm of chloride cells from FW -a- and 830 mosm 
SW -b- adapted tilapia showing the increased diameter of the tubular 
system (ts) after seawater adaptation. Abbreviations, see legends fig.2. 
χ 40.000. 
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mr 
Figure 4 Electron 
micro­
graph of gill fila-
mental epithelium of 
tilapia adapted to 
830 mosm NaCl. 
χ 10.000. 
Figure 4 Detail 
of chlo­
ride cell of 830 
mosm NaCl adapted 
tilapia. χ 40.000. 
Abbreviations see le­
gends fig. 2 and 3. 
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Figure 5 Total branchial Na -ATPase activities of tilapia adapted to vari­
ous environmental salinities. 
significantly different from FW fish. 
0
 significantly different from the corresponding SW group. 
an additional response in the case of Na /K. ATPase only. It can be concluded 
from the data in table 2 that the changes measured in total Na -ATPase activi­
ties for the greater part were reflected in the specific enzyme activities. Dif­
ferences occur when comparing the seawater groups with the freshwater group: 
significantly reduced specific enzyme activities with total activities unchanged. 
Adaptation of fish to 330 mosm NaCI provided a third group that showed an ambi­
guous response in enzyme activities: significantly higher total Na -ATPase acti-
+ + + + 
vities in combination with unchanged [Na /K. ATPase) or lower (Na /H ATPase) 
specific enzyme activities. It was furthermore demonstrated that the relative 
contribution of Na+/H+ ATPase activity to total Na -dependent ATPase activity was 
+ + + + 
highest in freshwater. The ratio Na /H ATPase activity over Na /K. ATPase acti-
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vity was decreased in all the other groups, most drastically in the 830 mosm 
NaCl adapted fish (table 2). 
FW 
m mm SW 
330 mosm NaCl 
130 mosm SW 
030 m m l iCI 
spec. 
t o t . 
spec. 
t o t . 
spec. 
t o t . 
spec. 
t o t . 
spec. 
I8 + /K + ÂTPSSÎ 
- 1 -
6 2 . 2 ± 
3 .5 ± 
3 6 . 4 ± 
3 .4 ± 
5 9 . θ ± 
9 . 5 ± 
3 4 . 5 ± 
4 . 3 ± 
1 1 8 . 5 ± 
6 . 1 
D.6 
2.6 
0.4 
9 . 6 
1.1 
2 . 1 
0 . 5 
1 6 . 9 
* * * 
О 
o o o o 
* * * 
* *· 
o o o o 
tf/lTATPui 
i 
4 0 . 4 ± 5.0 
2 . 2 ± 0 . 3 
2 3 . 0 ± 1.4 
2 . 1 ± 0 . 2 
2 4 . 7 ± 2.6 
4 . 0 ± 0 . 3 
1 3 . 0 ± 0 . 5 
1.6 ± 0 . 1 
2 6 . θ ± 2.4 
* * + 
* * * 
* ** 
O O O O 
* + * · 
* 
O O O O 
sun 
i+b 
5.7 
-
5.5 
_ 
13.5 
-
5.9 
_ 
[alio 
tna 
0 . 6 5 
-
0 . 6 3 
-
0 . 4 1 
-
0.3Θ 
-
0 . 2 3 
tot. 
• * * * 
19.9 ± 2.0 0 0 0° 24.3 
Table 2 Branchial sodium dependent ATPase activities of tilapia adapted to 
various environmental salinities. 
* 
significantly different from FW fish. 
0
 significantly different from the corresponding SW group. 
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DISCUSSION 
Tilapia has been reported to survive salinities more than twice as high as the 
830 mosm used in this study [Spector 1956, in Potts et al 1967). Evidence pre-
sented by Potts et al (1967) and Dharmamba et al (1975) suggests thatintegu-
mental tritiated water fluxes of tilapia decrease when going from freshwater to 
seawater, whereas sodium permeability increases, leading to enormously eleva-
ted Na+ fluxes: influx 55 fold and efflux 197 fold higher in SW tilapia than in 
FW tilapia. These fluxes are largely branchial fluxes. 
Chloride cells and hyperosmotic regulation 
+ -
It is generally accepted that the energy for the extrusion of Na (and CI ) un-
der seawater conditions is generated by the chloride cells, and the model of 
Silva et al for salt extrusion by these cells , published in 1977, has received 
additional support since then (Foskett et al 1983). It could be demonstrated by 
these authors that, upon SW transfer of tilapia, the short-circuit current of 
the isolated opercular membrane (which depends on active CI extrusion under 
these circumstances) developed simultaneously with increases in chlorige cell 
number and size (Foskett et al 1981). However, our results show that these in-
creases are transient and that the number of opercular chloride cells in fully 
adapted seawater tilapia are the same as that in freshwater fish. The seawater 
cells might be slightly larger than the freshwater ones. 
Several authors have quantified branchial chloride cells during seawater adap-
tation of eels and their combined data seem to confirm our results, since SW/FW 
ratio's vary with the adaptation period: 1.3 after 5 days SW (Thomson & Sar-
gent 1977j silver eels), 7.8 after 2 weeks SW (Shirai & Utida 1970), 3.0 after 
3 weeks SW (Thomson S Sargent 1977; yellow eels), and 2.5 after 4 weeks SW fu-
tida et al 1971). It might therefore be anticipated that the major adaptive 
change in the chloride cell system after seawater acclimation must lie in the 
organization of the individual chloride cells, and not in quantitative aspects 
(i.e. number of cells). The importance of this intracellular and intercellular 
reorganization in seawater adaptation recently has been discussed by Hwang & 
Hirano (1985). 
Our morphological comparison of branchial chloride cells of fully adapted sea-
101 
water (Θ30 mosm SW) adapted and freshwater tilapia confirms observations by 
authors who worked with other species (Bierther 1970, Sardet et al 1979, Pisam 
1981). Adaptation of tilapia to 830 mosm NaCl resulted in chloride cells which 
appeared like seawater chloride cells in many aspects. The organization of the 
branchial epithelium however was mors freshwater-like in appearance. We suggest 
that this difference between seawater gills and 830 mosm NaCl gills will sub-
+ 
stantially increase the resistance to transepithelial Na efflux, which accor­
ding to the model of Silva et al (1977), occurs via paracellular pathways. 
+ 
Na -dependent ATPases and hyperosmotic regulation 
One of the major conclusions from the present study is that branchial transport 
+ 
Na -ATPase activities in tilapia are, under hyperosmotic conditions, not regu-
+ 
lated strictly according to the chemical Na gradient that exists over the epi­
thelium. The difference between the enzyme activities in the gills of B30 mosm 
SW tilapia versus those of 830 mosm NaCl fish illustrates this point: the dif-
+ 
ference between the Na concentrations in the external and internal compart­
ments is the same for the two groups of fish, but the total -and specific-
+ + + + 
activities of Na /K ATPase and Na /H ATPase are significantly different. Es-
+ + 
pecially the discrepancy in brancial Na /K ATPase activity between the fish is 
striking. 
Evans (1980) discussed the model of Silva et al (1977) for branchial NaCl ex­
trusion in relation to measured transepithelial potentials (ТЕР) for several 
teleost species. Interestingly, tilapia turned out to be a species that main­
tained in SW a ТЕР that was slightly more (inside) positive than the calculated 
+ 
equilibrium potential for Na . Most probably this will not be the case in the 
++ 
830 mosm NaCl adapted animalsi the large difference in external Ca concentra­
tion (0.8 versus 8.3 mfl) between the two environments will have shifted the ТЕР 
to a less positive value (Eddy 1975, McWilliams 8 Potts 1978). In terms of the 
model of Silva et al (1977) this will mean that in seawater tilapia Na can 
follow the actively transported CI ions down its electrochemical gradient via 
low resistance paracellular pathways, whereas under 30 mosm NaCl conditions 
this will not be possible due to the lower ТЕР and the lower epithelial permea­
bility, leaving the fish with the additional problem of active Na extrusion. 
It is tempting to interpret the difference in branchial Na /K ATPase content 
between the 830 mosm SW and 30 mosm NaCl groups as the reflection of this pro-
+ + + 
blem. In other words, this surplus of Na /K ATPase could function in a Na ex­
trusion route independent of CI extrusion, thereby functioning other 
than under normal seawater conditions. It would be interesting to establish the 
relation between the highly developed branchial chloride cell system in the 
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030 mosm NaCl adapted fish with the observed concomitant activation of the pi­
tuitary-adrenal axis in these fish (chapter 3). In an attempt to link the pitui-
+ 
tary-adrenal axis with the branchial Na -ATPases, we therefore studied the ef-
+ 
feet of Cortisol on tilapia gill Na -ATPases, both in vivo and in vitro (chapter 
6). 
A second important conclusion from the present work is that it is necessary to 
+ 
consider both specific and total Na -ATPase activities when comparing fish li­
ving in freshwater and under hyperosmotic conditions. Although seawater tilapia 
contain the equal amounts of branchial Na /K ATPase and Na /H ATPase activity 
as freshwater tilapia, the specific enzyme activities are significantly lower in 
the gills of the seawater fish than in the gills of the freshwater fish. Assu­
ming that the number of chloride cells will be equal in the two groups of fish, 
this indicates that the seawater chloride cells must contain more plasma membra­
ne protein. The extension of the tubular system we observed in seawater chloride 
cells agrees with this assumption. Stagg & Shuttleworth (1ЭВ2) also observed an 
increase in gill homogenate protein content associated with seawater acclimation 
of the euryhdline flounder. 
The fact that tilapia branchial specific Na /K ATPase activity was lower in 
fully adapted seawater fish than in freshwater fish contrasts with the situation 
in eel and trout, but corroborates data on various other teleost species (see 
Introduction for references). Two recent reports on tilapia however state that 
+ + 
branchial specific Na /K ATPase activity is higher in seawater than in freshwa­
ter fish (Jürss et al 19Θ4, Dange 19B5). Dharmamba et al (1975) also arrived at 
this conclusion for tilapia. However, we feel that, on the basis of the many 
differences in experimental designs between the latter studies and ours, a com­
parison of the results cannot be made. The fact that these authors used unpuri-
+ + 
fied gill homogenates to measure Na /K ATPase activities (specific activities 
in freshwater were under 5 umol P./h.mg protein), and worked with small fish 
(HcCornick & Kaiman 19Θ4, 19Θ5) muy illustrate this point. It should be noted 
that the great variation in experimental designs applied in seawater adaptation 
+ + 
studies likely contributes to the discrepancies observed between Na /K ATPase 
responses to hypersalinity: some teleost species vary in salinity tolerance be­
tween seasons (Bornancin 8 de Renzis 1972, Utida et al 1969), whereas experi­
mental adaptation often starts by abruptly transferring animals to seawater, 
which has been shown to impair hyperosmotic regulation (Johnston & Cheverie 
1985). Temperature is another important environmental factor which might induce 
experimental artefacts (Sargent et al 1975 a, Thomson et al 1977, Stuenkel & 
Hillyard 19Θ0), especially when the species' seawater and freshwater natural 
habitats differ in temperature. 
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We originally adapted fish to isoosmotic conditions (330 mosm NaCl and 330 mosm 
SW) in order to serve as reference groups, since it was anticipated that in the-
+ 
se fish the need for active Na transport would be minimal. In fact, our data on 
+ 
the number of chloride cells seem to support this argument, but the measured Na 
-ATPase activities clearly do not. Other authors [Leadem et al 1974) also obser-
+ + 
ved higher specific Na /K ATPase activities in trout adapted to isoosmotic sea-
water than in freshwater trout. At present it is difficult to present a likely 
explanation for this phenomenon, but it is clear that the experimental condition 
is of limited use. 
+ + 
The results presented in this chapter further indicate that Na /H ATPase is not 
likely to play an important role in hyperosmotic regulation by tilapia. The fact 
+ + + + 
that the ratio Na /H ATPase activity over Na /K ATPase activity was highest in 
freshwater and lowest in the two Θ30 mosm adapted groups could for instance in-
+ + + 
dicate that Na /H ATPase might not be functionally coupled to Na /CI cotrans-
porter mechanisms in the basolateral membrane system of the chloride cells, and 
therefore might only serve in acid-base regulation under hyperosmotic conditions. 
SUMMARY 
1. We adapted tilapia to various environmental salinities (freshwater -FW-, iso­
osmotic seawater, seawater -830 mosm SW-, isoosmotic saline -330 mosm NaCl-, 
and Θ30 mosm NaCl) to study the functional relationship between branchial 
+ + + + 
Na /K ATPase and Na /H ATPase activities under these circumstances. 
+ 
2. The results on branchial Na -ATPase activities were combined with qualitative 
and quantitative data on chloride cells. 
3. When tilapia were adapted to seawater we observed transient rises in the num­
ber and size of the chloride cells in the opercular membrane. After 7 weeks 
both parameters had returned to control (=FW) levels. 
4. Fish fully adapted to isoosmotic conditions (330 mosm SW or NaCl) had the 
lowest number of chloride cells in the opercular membrane, whereas the oper-
culae of the FW and fully adapted SW animals contained equally more chloride 
cells. Tilapia adapted to the 830 mosm NaCl water had significantly more 
chloride cells in their opercular membranes than all the other groups. More­
over, these cells were larger than the chloride cells of the other animals. 
5. The branchial chloride cells of the fish adapted to the two B30 mosm condi-
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tions displayed the characteristics of seawater chloride cells. The organi­
zation of the branchial epithelium of the B30 mosm NaCl group however more 
resembled the freshwater situation. 
+ + 
Total branchial Na /K ATPase activities were unchanged in the animals a-
dapted to 330 mosm SVI or Θ30 mosm SW; adaptation of tilapia to the two sa-
+ + 
line waters resulted in highly significant increases in total Na /K. ATPase 
activities. Total enzyme activity in the 830 mosm NaCl adapted fish was 
470% higher than in FW fish. 
+ + 
In comparison with these changes. Na /H ATPase activities changed only 
marginally after adaptation to Θ30 mosm environments. We therefore conclude 
that this enzyme probably does not function in NaCl extrusion by the chlo­
ride cells under hyperosmotic conditions. 
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chapter 6 
endocrine regulation of Na'-ATPases in the gi l ls of freshwater 
t l l ap la 
INTRODUCTION 
In the previous chapter we presented data showing that adaptation of Oreochro-
mis mossambicus (tilapia) to a hyperosmotic environment (830 mosm NaCl) induced 
+ + 
a marked stimulation of branchial Na /K. ATPase activity. The acclimation was 
accompanied by a profound activation of the pituitary-adrenal axis in these fish 
(chapter 3). These findings are in agreement with a theory on the endocrine re-
gulation of sodium homeostasis in teleosts, according to which cortisoj. should 
be considered the hormone strictly associated with hyperosmotic regulation. Se-
+ + 
veral authors have described correlations between gill Na /K ATPase activities 
and Na fluxes under hyperosmotic conditions (Butler & Carmichael 1972, Epstein 
et al 1960). Evidence for the importance of Cortisol in the regulation of Na /K 
ATPase activity was obtained from reported relations between plasma hormone le-
vels and enzyme activities during seawater adaptation (Forrest et al 1973), and 
from experiments which demonstrated that Cortisol treatment counteracted the de-
cline of Na /K. ATPase activity which occured after hypophysectomy of seawater 
Anguilla japónica (Kamiya 1972 a). 
However, Cortisol could also restore enzyme activities in hypophysectomized 
freshwater Anguilla rostrata (Butler S Carmichael 1972) and freshwater Fundulus 
heteroclitus (Pickford et al 1970 a). These and other findings lended support to 
a second model on teleost osmoregulation, which originated some fifteen years a-
go. According to this model Cortisol under both hypo- and hyperosmotic conditi-
+ 
ons regulates branchial active Na transport (Maetz 1969), while prolactin, the 
second hormone "most critical in control of osmoregulation at the gill" (John-
son 1973), mainly acts upon epithelial permeability (Uharmamba & Maetz 1972, re-
view by Johnson 1973), conformable to the situation in higher vertebrates (Bliss 
& Lote 1985), In freshwater, branchial Na -ATPases provide the energy for trans-
+ 
epithelial Na uptake (chapter 4), but reports on the effect of Cortisol on gill 
+ + 
Na /K. ATPase activity in intact freshwater teleosts are conflicting (Redding et 
al 1981, Richman et al 1985). Apart from the aforementioned action of prolactin 
on integumental ion permeabilities, several authors have documented inhibited 
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+ + 
branchial Na /К ATPase activities after treatment of teleosts with mammalian 
prolactin (Pickford et al 1970 b, Kamiya 1972 a. Gallis et al 1979). 
The present study was undertaken to investigate the effects of Cortisol and ho-
+ + + + 
mologous prolactin on branchial Na /K ATPase and Na /H ATPase activities in 
freshwater tilapia. In addition to in vivo administration experiments we also 
+ + 
studied the short term effect of Cortisol on Na /K ATPase in vitro, using a pu­
rified preparation of isolated chloride cells. Finally, we determined the ef­
fects of Cortisol and prolactin on the number of opercular chloride cells, while 
several blood parameters were also recorded. 
METHODS 
Animals For the hormone administration experiments freshwater female tilapia 
were used. The fish were maintained and handled as described in chap­
ter 1 and weighed 25 g in average. The animals used for the isolation of bran­
chial chloride cells were fully adapted seawater female tilapia, weighing ap­
proximately 35 g. 
Cortisol administration A group of G fish was treated with Cortisol as out­
lined in chapter 1. They received 16 Cortisol meals 
(12.5 \ig/g body weight each) at regular intervals over a period of 5 days. 
Chloride cell isolation First, the fish were anaesthetized in a TRIS buffered 
(pH 7.4) MS 222 solution (1 g/1) in artificial 
seawater. After cannulation of the bulbus arteriosus, the gills were perfused 
for 10 minutes with an ice-cold isotonic phosphate-buffered saline solution 
(PBS) containing: 1Θ5 mM NaCl, 10 mM KCl, 5 mM NaHCO,, 0.5 mM KH.PC^, 1.5 mM 
Na HPO., 5 mM glucose and 2 mM Na.EDTA (pH 7.4). The gills were excised and the 
branchial epithelium was scraped off with a glass microscopic slide. This mate­
rial was next treated (30 min, 00C) with 10 mg collagenase (Sigma, fraction V) 
in 40 ml PBS under constant shaking. The gill fragments were pipetted 5 times 
with a siliconized pipette and filtered through nylon gauze. The obtained cell 
suspension was centrifuged (Beekman TJ-6j 5 min, 75 g, 40C) and the resulting 
pellet was resuspended in 1 ml PBS. Continuous density gradients were prepared 
by centrifugation of 11 ml 40% Percoli (Pharmacia, Uppsala, Sweden) in PBS (60 
min, 100.ODO g, 200C; Beekman LB-BO); 0.5 ml of the cell suspension was layered 
on top of a gradient, which was then centrifuged (Beekman TJ-6) for 20 min at 
400 g (40C). A separate gradient was calibrated with 0.5 ml of a density marker 
bead solution (Pharmacia, code 17-0459-01) and 40 200 μΐ fractions were collec-
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ted from the bottom (LKB Redirac fractioncollector). Ten microliter aliquots 
were taken from the fractions for protein quantification (BioRad 500-0006). Sin­
ce Percoli appeared to interfere with the protein assay, control Percoli gra­
dients were run and fractioned in parallel. 
To study the direct effect of Cortisol on the various cell populations, frac­
tions 12 to 30 were each divided in two equal portions. Each of these fractions 
was incubated 4 hours under continuous shaking at 2 ()С in the presence [one por­
tion) or absence tcontrol portion) of 100 yg% Cortisol. Afterwards the fractions 
were homogenized with a Potter homogenizsr, frozen in liquid nitrogen and stored 
at -700C until further assay. 
Prolactin treatment Fish were quickly anaesthetized in a TRIS buffered (pH 7.4) 
MS 222 solution (1 g/1). In the abdominal cavity of each 
animal (n=6) three prolactin lobes of male donor tilapia (body weight 25 g in a-
verage) were implanted via an incision in the lateral body wall, which was then 
sutured. Control animals were sham operated. Seven days after the implantation 
the fish were sacrificed. 
Opercular chloride cell densities Densities and diameters of the chloride 
cells in the opercular epithelium of the 
fish were measured as described in the previous chapter. 
+ + + + 
Assays Branchial Na /K ATPase and Na /H ATPase activities were assayed in 
purified plasma membrane fractions and in homogenates of isolated cells 
(only Na /K ATPase), according to procedures outlined in chapter 4. Percoli did 
not interfere with the ATPase assay. Succinate dehydrogenase (SDH) activity was 
determined as described in chapter 4. Plasma osmolality values were measured 
with a Vogel Micro Osmometer. Plasma glucose concentrations were determined u-
sing a GOD-Perid method (Boehringer Mannheim). Plasma calcium levels (total and 
ultrafiltreable -Sartorius membranfilter, cut-off 10.000 Da-)were assayed using 
a commercial kit (Sigma 586A). 
Statistics Data are presented as means ± SEM. Differences between control and 
experimental groups were analyzed by means of the Student's t-test 
for unpaired observations. * denotes ρ S 0.05; ** ρ ¿ 0.02; *** ρ < 0.01 and 
**** ρ < 0.001. 
RESULTS 
Treatment of tilapia for 5 days with Cortisol (table 1) did not alter haemato-
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conliol lish coilisol 
Irgiltd listi 
signil. 
haematocrit 
plasma osmolality 
plasma [Ca] 
plasma [glucose] 
mM 
36 ± 1 
33i* ± 9 
5.5 ± o.h 
36 ± 3 
38 ± 1 
338 ± 5 
5.6 ± o.h 
5h ± h 
chloride cells x/mm 
cell diameter ym 
131 ± 15 
10.9 ± 0.1 
788 ± 6l 
11.2 ± 0.1 
V^ . ^  Na+/H+ ATPase tot 
V^ . + Na+/K+ ATPase tot 
conliol coitisol Δ 
10.h ± 2.7 12.1+ ± 2.2 +19 % n.s. 
13.2 ± 2.2 21.6 ± 2.9 +6h % * 
Hpoc. 
+39 % n.s. 
+81 % *** 
Table 1 Effects of Cortisol on freshwater tilapia (n = 6 per group) 
a blood parameters 
b chloride cell densities and diameters in the opercular epithelium 
с effects on branchial Na - ATPases (total enzyme activities in ymol P./h) 
crlt values, plasma osmolality, and plasma total Ca concentrations. The corti-
sol treated animals were significantly hyperglycaemic however. The number of 
chloride cells in the opercular membrane had increased sixfold [p S 0.001). Of 
the two Na -dependent ATPases present In tilapia gills [Na /K ATPase and Na /H 
ATPase), only the former was stimulated significantly by the hormone. The stimu­
lation was more pronounced when we calculated specific enzyme activities. 
After the cell separation procedure on continuous Percoli gradients, fractions 
could be obtained which solely consisted of chloride cells (fig.1). These frac­
tions (density 1.05 g/cm 3) were purified θ times in SDH activity and contained 
high levels of Na /K ATPase activity И З Б ± 34 ymol Ρ ./h.mg protein; n = 3, fig. 
2 ). Because the fractions with slightly higher and lower densities also con­
tained chloride cells, it was not possible to calculate the percentage of total 
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branchial Ma /К ATPase associated with the chloride cells. 
Cortisol significantly stimulated chloride cell Na+/K+ ATPase activity in vitro 
within 4 hours (fig.2 ). Ma + /K+ ATPase activity associated with other cell types 
(the fractions with densities higher than 1.10 g/cm3 for instance contained 
mainly erythrocytes) tended to be inhibited by Cortisol. 
Prolactin did not affect haematocrit and plasma osmolality values of tilapia 
(table 2). Plasma concentrations of Na , CI , and К also were unaltered (data 
,Л"' 'f"· 
Figure 1 Electron microscopic photograph of a chloride c e l l which was separa­
ted from other branchial e p i t h e l i a l c e l l s on Percoli density gradi­
e n t s . χ 30.000. n=nucleüs, m=mitochondrion, ts=tubular system, RER=rough endo-
plasmatic reticulum. 
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Figure 2 Cortisol 
stimula-
tion of chloride 
cell 1Ма*/К+ ATPase 
activity in vitro. 
Cell fractions from 
tilapia branchial 
epithelium, obtai­
ned after separa­
tion on Percoli 
density gradients, 
were incubated with 
or without Cortisol 
a. Total Na+/K+ ATP 
ase activities 
in the fractions 
b. density pattern 
in the Percoli 
gradients. 
c. 4 stimulation of 
Να
+/Κ* ATPase 
activity after 
incubation of 
the fractions 
for 4 h in the 
presence of 100 
Mgh Cortisol. 
All values presen­
ted are means of 3 
separate experi­
ments . 
haematocrit % 
plasma osmolality rnosm 
plasma [CaJ mM 
plasma Гса] .. _..,. mM 
* - ultrafiltr. 
plasma [glucose] mg^ 
chloride cells x/mm2 
cell diameter ym 
conlrol llsfe 
30 ± 
335 ± 
5.6 t 
1.31 ± 
Цо ± 
177 ± 
10.2 ± 
2 
k 
0.3 
O.OU 
3 
16 
0.2 
prolsctle 
United list 
31 ± 1 
ЗЗб ± 2 
h.9 ± 0.2 
1.22 ± 0.03 
30 ± 2 
3U8 ± 37 
10.5 ± 0.1 
signlf. 
n.s 
n.s 
n.s 
* 
mm 
mmm 
n.s 
conlrol prolactin 
V,. . Na +/H + ATPase 13.h t 1.8 10.5 ± 1.9 -18 % n.s. tot 
V. . Na +/K + ATPase 15.5 ± 1.2 9.7 ± 1.9 tot -37 ÍS 
* "spec. 
-27 % * 
-1*3 % ** 
Table 2 Effects of prolactin on freshwater female tilapia (n = 6 per group) 
a blood parameters 
b chloride cell densities and diameters in the opercular epithelium 
с effects on branchial Na - ATPases (total enzyme activities in Mmol P./h) 
not shown). The prolactin treated fish possessed lower levels of ultrafiltreable 
plasma Ca (ρ S 0.05), while total plasma Ca concentrations were similar in both 
groups. The hormone furthermore appeared to have a hypoglycaemic effect (p S 
0.02). This effect could be reproduced; in two additional experiments the plas­
ma glucose concentration declined with 29% (p S 0.01) and 21% (p i 0.05) after 
prolactin treatment. Prolactin had no effect on plasma Cortisol levels in tila­
pia (data not shown). The hormone caused a significant hyperplasia of the oper-
+ + + + 
cular chloride cells but inhibited branchial Na /K ATPase activity. Na /H 
ATPase activity was inhibited significantly only when we calculated specific 
activities. 
DISCUSSION 
This study is the first one to establish antagonistic effects of Cortisol and 
+ + 
prolactin on branchial Na /K. ATPase activity in a freshwater teleost. 
+ + 
Cortisol has been reported to restore branchial specific Na /K ATPase activi­
ties in seawater eel [Kamiya 1972 a), freshwater eel [Butler & Carmichael 1972) 
and freshwater Fundulus heteroclitus (Pickford et al 1970 a) after hypophysec-
tomy. Reports on the effects of Cortisol in intact teleosts are conflicting: 
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the hormone stimulates specific enzyme activities in seawater Anguilla rostrata 
(Epstein et al 1971), seawater Anguilla anguilla (Scheer & Langford 1976), 
freshwater Anguilla rostrata (Doyle & Epstein 1972), freshwater carp (Abo Hegab 
& Папке 19Θ4), and seawater Chelon labrosus (Gallis et al 1979). No effect could 
be demonstrated in freshwater trout (Eib S Hossner 19Θ5), freshwater Salmo salar 
(Langdon et al 1984; total activities decreased significantly), freshwater Che­
lon labrosus (Gallis et al 1979), and freshwater Anguilla anguilla (Scheer S 
Langford 1976). Redding and coworkers (1964; freshwater Oncorhynchus kisutch) 
and Abo Hegab & Hanke (19Θ4; freshwater tilapia) even reported decreases in 
+ + 
branchial specific Na /K ATPase activities 9 days and 3 hours respectively af­
ter Cortisol treatment. Richman et al (19Θ5) on the other hand observed a Cor­
tisol induced stimulation of branchial Na /K ATPase activity in freshwater On­
corhynchus kisutch presmolts, but not in postsmolts. Apart from presmolts from 
this latter species. Anguilla rostrata (Doyle 8 Epstein 1972), Cyprinus carpio 
(Abo Hegab & Hanke 19Θ4), and tilapia (this study) therefore are the only tele-
ost species in which Cortisol stimulates branchial specific Na /K. ATPase acti­
vity under freshwater conditions. 
The total dose of Cortisol administered to the tilapia in our study is somewhat 
higher than those commonly used in injections protocols, but most likely the 
difference in circulating Cortisol levels will be much less than the difference 
between the doses administered, due to the fact that a lower percentage of the 
food associated Cortisol will enter the circulation (compare the data of Abo He­
gab & Hanke -19Θ4- on tilapia with our results in chapter 1). Furthermore, tila­
pia has been shown to clear Cortisol from the blood more efficiently than other 
teleosts (chapter 1) and finally, we preferred our stress-free method of corti-
sol administration since experimental stress has been demonstrated to influence 
teleost osmoregulation (Dharmamba et al 1975, Pic 197Θ) . 
The hyperglycaemic action of Cortisol in tilapia has been discussed in chapter 
1. It is not clear whether this hyperglycaemia functions in the regulation of 
branchial Na /K ATPase by Cortisol. It has been documented that glucose marked­
ly enhances the effect of aldosterone on sodium transport by amphibian epithe-
lia (Porter & Edelman 1964). 
Euryhaline teleosts under freshwater conditions possess a high affinity (K 3.7 
nM), low capacity branchial Cortisol receptor (DiBattlsta et al 1984), and re­
sults from Goodman & Butler (1972) and Leloup-Hatey (1979) have shown that the 
gills of freshwater teleosts take up large amounts of circulating Cortisol, but 
not cortisone. It has been suggested that one effect of Cortisol may be to in­
crease branchial water influx and/or water permeability in teleosts (Ggawa 1975), 
but since we could not measure Cortisol effects on branchial osmotic water per­
meability in tilapia under freshwater conditions (unpublished results), we con-
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elude that the major effect of the steroid on the gills concerns the stimula­
tion of Na /K ATPase activity. Several authors have argued that this increased 
enzyme activity is non-functional in freshwater CDoyle & Epstein 1972, Foskett 
et al 1961, 19Θ3). Our ultrastructural data on the branchial cells of Cortisol 
treated tilapia however (not shown) demonstrate that all chloride cells, whe­
ther in contact with the environment or not, show signs of increased cellular 
activity) i.e. more mitochondria Coften located near the nucleus), a higher de­
gree of branching of the tubular reticulum, and increased area's occupied by 
rough endoplasmatic reticulum. We interpret these findings as strong indica­
tions that Cortisol regulates active ion transport in freshwater as well as in 
seawater, as suggested by Mayer et al (1967) for eels. Under both conditions 
the branchial chloride cells might be the major targets of the hormone. The re­
lative contribution of the branchial respiratory cells and chloride cells in 
the active uptake of Na in freshwater has been a matter of debate. It has been 
argued, on the basis of studies with the isolated trout head preparation (Gi-
+ 
rard S Payan 19Θ0), that in freshwater Na influx mainly occurs via the respi­
ratory cells. However, more recent evidence seems to reinstate the freshwater 
chloride cells as the sites of active Na uptake under these conditions (Gar-
daire et al 19Θ5, Laurent et al 1985). 
In vivo administration experiments rarely allow conclusions on the fact whether 
the observed effects follow from direct target effects of the hormone. For in­
stance, when studying the role of gills in osmoregulation, side-effects achie­
ved via altered blood flow of these organs are difficult to overcome (Mayer-
Gostan & Mirano 1976). To investigate whether Cortisol is able to stimulate 
Na /K ATPase directly, we studied the effect of the hormone on isolated chlo­
ride cells incubated in vitro. 
The enriched chloride cell fraction we obtained was extremely high in specific 
Na /K ATPase activity (compare with Kamiya 1972 b and Sargent et al 1975), 
and electron microscopical investigation could not show obvious signs of cel-
+ + 
lular damage. The observed in vitro stimulation of Na /K ATPase activity in 
the chloride cell fraction corroborates the data from the in vivo administra­
tion experiment and furthermore demonstrates that Cortisol acts directly upon 
the chloride cells. It should be noted that the stimulation reflects an in­
crease of enzyme activity per cell, since the number of viable cells probably 
cannot increase during incubation. 
+ + 
Direct stimulation of Na /K ATPase by glucocorticoids in vitro has been de­
monstrated recently for kidney tubules of the rat (Rayson 8 Edelman 19Θ2), and 
for dog brain plasma membranes (Oeliconstantinos 19B5). This latter author 
suggested that cortisol-induced effects on membrane fluidity caused the rapid 
(2 h) increase in enzyme activity. Apart from this possibility, it remains to 
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be settled whether the Cortisol effect we observed could have been achieved 
through synthesis of new ATPase molecules, recruitment of 'quiescent' enzyme 
(Schwartz S Al-Aqwata 1965), or via efTects on intracellular ion concentrations 
(see Karin & CooK 1963 for review). A survey of the literature on steroid sensi­
tive sodium transporting epithelia of higher vertebrates shows that an important 
effect of the steroids is the increase of apical membrane Na permeability, 
+ 
which leads to stimulated Na entry into the cells (Sariban-Sohraby et al 1964, 
Will et al 19Θ5), often via increased Na /H exchange rates (Kinsella et al 
19Θ5). This indirectly leads to increased Na /K ATPase activity in the cells. 
In addition to these effects at the apical level, aldosterone also can modulate 
Na -pump activity directly (ParK 8 Edelman 1964). The effects of aldosterone 
might vary depending on the tissue studied (Hirsch et al 1965) . Information re­
garding the effect of Cortisol on the apical membrane of teleost chloride cells 
is not available at present. 
+ 
New Na -pump synthesis could be shown to occur from 3 to 6 hours after aldoste­
rone stimulation of toad urinary bladder, but was not essential for the early 
response (< 2.5 h) of the tissue to the hormone (Geering et al 1965). Since we 
incubated the chloride cells for 4 hours it seems possible that at least part 
+ + 
of the Cortisol stimulated Na /K ATPase activity was achieved through newly 
+ t 
synthesized Na /K ATPase molecules. Interestingly, when eels were transferred 
to seawoter a 4 hour lag period was observed before Cortisol dependent active 
Na extrusion was stimulated (Mayer et al 1967). Abo Hegab & Hanke (1964) ге-
+ + 
ported elevated branchial Na /К ATPase activity 3 hours after a Cortisol in­
jection. Towle et al (1977) measured an even faster (0.5 h) modulation of 
+ + 
Na /K ATPase activity when Killifish were transferred to full strength seawa-
ter. In a more recent paper on Killifish seawater adaptation however Jacob & 
Taylor (1963) were unable to reproduce this rapid stimulation of gill Na /K 
ATPase activity. 
Prolactin effects. 
+ + + + 
The inhibition of gill Na /K. ATPase and Na /H ATPase by -homologous- prolac­
tin in tilapia is the first report of such an effect in an intact freshwater 
teleost. In this study we focussed on total enzyme activities in view of pro­
lactin's stimulating effect on epithelial differentiation (Wendelaar & deis 
1961), which could influence the amount of protein recovered in the plasma mem-
+ + 
brane fraction. Ovine prolactin has been shown to be without effect on Na /K 
ATPase in the gills of freshwater Chelon labrosus (Gallis et al 1979) and sea-
water eels (Kamiya 1972 a). Hammalian prolactin treatment of seawater Chelon 
'labrosus (Gallis et al 1979) on the other hand inhibited branchial Na /K ATP 
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ase activity significantly. The same effect of the mammalian hormone was obser­
ved in freshwater hypophysectomized eels (Kamiya 1972 a) and hypophysectomized 
Fundulus heteroclitus (Pickford et al 1970 b). The latter authors measured in-
+ + 
creased Kidney Na /K ATPase activities in the killifish. We however found no 
effect of prolactin on kidney specific or total Na /K ATPase and Na /H ATPase 
activities (not shown]. In line with an inhibitory effect of prolactin on tila­
pla branchial Na+/K+ATPase Dharmamba et al (1973) and Foskett et al (19Θ2) re­
ported reduced rates of Na (former] and CI (latter] secretion in seawater ti­
lapla after prolactin treatment. These processes under seawater conditions are 
energy-dependent and are generally believed to be driven by chloride cell 
Na /K ATPase (see chapter 5). We therefore conclude that prolactin, in addi­
tion to its action on epithelial permeability, may act antagonistically to cor-
+ + 
tisol by inhibiting branchial Na /K ATPase in tilapla. 
The inhibition of Na transport capacity by prolactin did not bear consequences 
for plasrra ion levels in the fish; apparently prolactin reduced passive ion ef­
fluxes sufficiently enough to compensate for the impaired uptake mechanisms. Ci­
ther authors however have documented ovine prolactin effects on plasma electro­
lyte levels in freshwater goldfish (Leatherland & Holub 197B) and Ictalurus mê-
las (Fortner & Pickford 1982). The question whether these discrepancies can be 
attributed to differences in biological activities between mammalian and tilapla 
prolactin (or prolactins, Zambrano et al 1973/1974, Specker et al 19Θ5) remains 
to be settled. It must be remebered that the doses of ovine prolactin usually 
administered in studies on teleost osmoregulation are up to 100 times as high as 
the doses required for effects of ovine prolactin on teleost carbohydrate meta­
bolism (Prack et al 19Θ0). Furthermore, Loretz [19Θ5) noted significant diffe­
rences between ovine prolactin treatment and autotransplanted pituitary rostral 
pars distalis induced effects on Gillichthys mirabilis urinary bladder ion 
transport, whereas 1000 times more ovina prolactin than chinook salmon prolactin 
was needed to produce the same bioactlvity in the Fundulus heteroclitus bioassay 
for prolactin (Grau et al 1984). Finally, displacement curves of 125I-ovine pro­
lactin from tilapla liver binding sites by ovine prolactin and tilapia prolactin 
were not parallel (Edery et al 19S4). 
The hypoglycaemic action of tilapia prolactin reported in this chapter is in 
contrast with the hyperglycaemic action of the hormone inseawater tilapia (Clar­
ke 1973). but corroborates data on Ictalurus melas kept in nearly isotonic sali­
ne (Fortner & Pickford 1982) and on freshwater goldfish (Prack et al 1980). Dur 
data therefore indicate that the plasma glucose level is another parameter, in 
+ + 
addition to branchial Na /K ATPase activity, on which Cortisol and prolactin 
have opposite effects in freshwater tilapia. In mice and dogs prolactin also in-
119 
duces a hypoglycaemic response via the promotion of hepatic glycogen breakdown. 
and peripheral uptake of glucose (Morrobin 1977). 
Prolactin did not have a hypercalcaemic effect in our experimental animals, 
which conflicts with the results of Wendelaar & Flik (1982) who reported ovine 
prolactin effects in the some species. In a more recent paper the authors re­
produced the effect by administering homologous prolactin (Wendelaar Bonga et 
al 19Θ4) to freshwater tilapia. The only difference between this latter study 
and the present one lies in the fact that we used female tilapia. Indications 
that this might be an important difference in this respect can be obtained from 
the data of Fortner & Pickford (1982). 
Λη interesting aspect of the present experimental data is the prolactin induced 
hyperplasia of the opercular chloride cells, which contradicts with the signi-
+ 
ficant inhibition of Na -ATPase activities under these circumstances. A compa­
rable situation exists during low pH adaptation by tilapia and the possible 
significance will be discussed elsewhere (chapter 9). 
On the basis of histological observations several authors have discussed the 
possibility that prolactin stimulates interrenal activity in teleosts, and in 
chapter 8 data are presented indicating that tilapia prolactin stimulates Cor­
tisol secretion rates and ACTH sensitivity in tilapia. Prolactin furthermore 
might regulate steroid receptors at the target level (Schneider & Shyamala 
1985). These findings might explain the hyperplasic action of prolactin on the 
opercular chloride cells, but it is clear on the other hand that the inhibition 
+ + 
of branchial Na /K ATPase and the hyooglycaemia induced by the hormone cannot 
have been mediated via stimulation of tilapia interrenal activity. 
Intracellular mechanisms 
Because of the complicated structure of the teleost gills,studies on the intra­
cellular mechanisms of the action of hormones on chloride cells are difficult to 
realize. To date only information on the effect of cAMP is available, which 
mainly deals with isolated opercular epithelia (Degnan & Zadunaisky 1982, Гоз-
kett et al 1982). üiResta S Farmer (1983) reported that САПР stimulated ion 
transport by isolated chloride cells from Opsanus beta. Cyclic АИР usually is 
associated with the regulation of apical sodium permeability in tight epithelia 
(Helman et al 1983) and inhibition of apical membrane Na /H exchange by cAMP 
has been described in Necturus gall bladder (Reuss & Petersen 19 Б). Regulation 
of apical membrane sodium fluxes in freshwater tight epithelia is important 
+ 
since intracellular Na concentrations usually are near the К for the basola-
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teral sodium pumps (Nagel et al 1981, Nielsen 1982). The relevance of these con­
siderations lies in the fact that prolactin has been implicated in the regulation 
of intracellular cAMP concentrations in teleost chloride cells (Foskett et al 
1982). One might speculate that the inhibition of Na /K+ ATPase and NaVhT ATPase 
by prolactin results from a primary effect of the hormone on apical membrane per­
meability to sodium, which could then lead to lowered intracellular Na concen­
trations. A second mechanism through which hormones, especially prolactin (Flik 
et al 1984), could modulate Na -pump activity in teleost chloride cells is the 
+ + 
regulation of intracellular Ca concentration, since it has been demonstrated 
that physiological fluctuations in intracellular calcium concentrations (< 10 μΜ) 
modulate Na -pump activity (Brown S Lew 1983, Berthon et al 19B5). 
SUMMARY 
Cortisol increased Na /K ATPase, but not Na /H ATPase, activities in the 
gills of freshwater tilapia. 
Using isolated chloride cells, Cortisol could be shown to act directly on 
+ + 
these cells; Na /K. ATPase activity was increased by 90% within 4 hours. 
+ + + + 
Homologous prolactin inhibited Na /K ATPase and, to a lesser extent, Na /H 
ATPase activities in tilapia gills. 
This latter action of prolactin was not mediated by stimulation of interre­
nal activity. 
Prolactin and Cortisol also acted antagonistically on the intermediate meta­
bolism of the fish; prolactin being hypoglycaemic and Cortisol being hyper-
glycaemic in freshwater tilapia. 
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chapter 7 
low pH adaptation In tl lapla 
- interrenal function -
INTRODUCTION 
Water acidification greatly affects freshwater fish fauna. Studies on the ef­
fects of environmental acidification go back some seventy years (Wells 1915], 
and by 1950 the literature already had increased to review proportions [Doudo-
roFf & Katz 1950). Since then, the progressively devastating effects of acid 
pollution on freshwater fish populations (recently reviewed by Howells et al 
-19Θ3- and Huniz -19Θ4-) only urged the need for more fundamental research. 
Most of the original observations on low pH effects were obtained from field 
studies but the current understanding of the complexity of the low pH syndrome 
necessitates further laboratory experiments during which factors like water 
pCO (Neville 1979 a,b), ambient calcium (Graham & Wood 1981, McDonald 1983 a, 
McDonald et al 1983, McWilliams 1982) and aluminium concentrations (Muniz & 
Leivestad 1980, Staurnes et al 1984, Driscoll 1985) can be controlled. 
Much of the research regarding the effects of low pH on teleosts has been fo-
cussed on the regulation of electrolyte status and acid-base balance of the a-
nimals (reviews by Fromm 1980, McDonald 1983 b and Heisler 1984). To date no 
consensus exists as to the nature of the pH sensitive parameter critical to in­
dividual fish: electrolyte loss, hypoxia and acidosis have all been assigned as 
death determining factors. More important to fish populations however is the 
impaired reproductive success which already occurs at sublethal pH levels; the 
order of sensitivity for flagfish has been determined as: egg production > fry 
survival > fry growth > egg fertility (Craig & Baksi 1977). 
There are only very few reports indicating adaptive behaviour of teleosts in 
response to low pH conditions (McWilliams 1980, Ashcom 1979, McDonald 1983 a, 
McDonald et al 1983, Wendelaar et al 19B4). The study of McWilliams on brown 
trout was the first to show restoration of initially depressed plasma Na con­
centrations under low pH conditions (pH 6.0). Wendelaar et al (1984) reported 
the same phenomenon after abrupt transfer of Oreochromis mossambicus (tilapia) 
to pH 4.0, thereby illustrating the existence of adaptive regulation to low pH 
in this species. Very little information on the nature of this regulation 
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exists, but endocrine factors are liKely involved. In some of the previous chap­
ters we have shown effects of Cortisol on active Na transport ATPases in tila-
pia gills [chapter 6) and on the intermediate metabolism (chapter 1). Since both 
active ion transport mechanisms and the intermediate metabolism are affected du­
ring acid stress and since literature on the effect of low pH on the teleost in­
terrenal is both scarce and contradictory, we studied the influence of an acid 
environment on the pituitary-adrenal axis in tilapia, to investigate whether or 
not Cortisol could be involved in the regulation of the adaptation to low pH en­
vironments. For this purpose we also momitored plasma glucose levels and ammonia 
production by the experimental animals, parameters which are under the control 
of Cortisol in tilapia (chapter 1 ) . 
METHODS 
Animals Sexually mature female tilapia ranging from 9 to 20 grams in body 
weight were used for the experiments. Fish were Kept and handled as 
described in chapter 1. 
Experimental acidification Tankwater was acidified experimentally by a flow 
through system (Cenco instruments, Breda, Holland/ 
Technicon tubing) using acidified (H_S0 ) tapwater. The flow rate was 1 1/h; see 
fig.1. Water samples were taken from the effluent. The aquariumwater was well ae­
rated (Neville 1979 a,b, Lee et al 19Θ3), and was not in contact with metal parts 
Superfusions Headkidneys of six control and six low pH exposed animals were su-
perfused in vitro as outlined in chapter 2. The six superfusion-
chambers each contained headkidney tissue from two fishes. 
Assays Cortisol concentrations in superfusion fractions and plasma were deter­
mined by radioimmunoassay (RIA) as described in chapter 1. Glucose was 
measured using the GOD-Perid method (Boehrlnger Mannheim). NH concentrations in 
aquariumwater and plasma samples were quantified according to Grasshof 8 Johann-
sen (1977). 
Histology Pituitary ACTH cells and interrenal cells were investigated using 
light and electron microscopic techniques as described in chapter 3. 
Statistics Data are expressed as means ± SEM. Statistical analysis of diffe­
rences between mean values was carried out applying Student's t-
test for unpaired or paired observations. * indicates ρ S D.05j ** ρ ¿ 0.02; *** 
ρ й 0.01 and ·*·* ρ < 0.001. 
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RESULTS 
Figure 1 illustrates a typical acidification experiment during which the pH was 
lowered from 7.5 to 3.2 in 24 hours. No mortality occured in animals (n=B5; 9 ex-
periments) adapted to low pH this way in the course of the experiments. 
pH 
[HJSCJJ] pumpwater (ml I) 
O-1 
20 411 to 
limi -fe-
Figure 1 Experimental acidifi-
cation of an aquarium 
by means of a flow through sys-
tem. The tank contained six ti-
lapia (average weight 15 g). The 
tankwater was continuously re-
freshed with tapwater containing 
concentrated sulfuric acid (Merck 
Darmstad) at a flow rate of 1 1/h 
We measured plasma Cortisol levels of fish 20 hours after the onset of acidifica-
tion procedure and obtained high levels: 45.6 ± 4.4 \ig4 (n = 5j no apparent capture 
sequence effect). The circulating Cortisol levels of fish exposed to low pH for 
48 hours are given in fig.2. The plasma concentrations of the controls captured 
first (6.4 ±1.2 yg%) were similar to those of the low pH exposed animals captu-
red as 'firsts': 5.7 ± 1.0 pg% (n •= 5), while the same was true for the maximum 
levels reached, although the low pH treated fish reached this levels faster: 3rd 
versus 5th fish captured. 
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Figure 2 Plasma Cortisol concentrations of control tilapia (hatched bars) and 
tilapia exposed to low pH for 4Θ hours (open bars). Cortisol plasma 
levels of the control and low pH exposed fish were not significantly different 
in any of the 6 capture sequences. n=5 for both groups. 
Figure 3 compares the in vitro Cortisol release by headKidneys of controls and 
low pH exposed (5 days) tilapia. The 'basal' (0 min < t < 190 min) release was 
66% higher in the acid treated animals, while the area under the ACTH curve (190 
min < t < 330 min) was 154% larger. 
Electron microscopical analysis of both the pituitary ACTH (cell size, nuclear 
area, granulation) and of the interrenal Cortisol producing cells (size, nuclear 
area, number of mitochondria) could not reveal differences between control ani­
mals and fish adapted to low pH (5 days, data not shown). At the light microsco­
pical level however, tilapia adapted for the same period to low pH displayed 
marked hyperplasia of the ACTH and Cortisol producing tissues (table 1). 
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pg Cortisol released · 
mg 'headkidney · min"' 
0.6 mU 
ACTH 
. о _ COntr. 
- . - · рНЗЛ 
5 days 
time/hours 
Figure 3 Cortisol release by headkldneys of control fish and fish exposed to 
pH 3.4 for 5 days, during in vitro superfusion. Effect of ACTH. 
- Headkldneys from 2 fish were superfused together. 
- Body weight controls: 22.4 i 2.5 g ín=B); low pH: 17.4 ± 2.0 (n=6). 
- ACTH was administered as a five minute pulse. 
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total volume interrenal 
steroid cells 
тт
э
.10"ц 
total volume 
ACTH cells 
mm
3
.1Cf " 
controls 
5 days pH 3.4 
91 ± 14 
696 ± 9B *··* 
3 1 + 2 
74 ± 9 
Table 1 Total hormone producing tissue volumes for control and 5 days low pH 
adapted tilapia. Body weight controls: 12.4 ± 0.8 g [n=6)j low pH: 
10.3 ± 0.7 g (n=7). 
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Figure 4 Effect of 4B h low pH exposure on plasma glucose 
concentrations in tilapia. (n=6 for both groups). 
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Short term (48 h) exposure of tilapia to low environmental pH led to signifi-
+ 
cantly elevated plasma NH and glucose levels (fig.4). The hyperglycaemic res­
ponse to this experimental protocol (4Θ h low pH) proved to be consistent: when 
we compared five experiments (5-7 fish per group) glucose levels amounted to 
521 ± 50 % when compared with control values (=100%). Experiments during which 
fish were exposed for both shorter (4 h) or longer (5 and 2Θ days) periods to 
low pH showed that hyperglycaemia did not occur until after 4 hoursj extremely 
high differences in plasma glucose levels between control and low pH exposed a-
nimals could be determined after 5 days at low pH (Δ=34 nil), while after 26 
days of low pH exposure no significant hyperglycaemia was noticeable (fig.5). 
Figure 6 shows the rapid increase in NH efflux from the fish upon acidifica­
tion of the aquaria. There was a linear relationship between the total body 
weight of the fish in the tank and the NH release rates (insert fig.6). Ef­
flux rates after 24 h at low pH amounted to 2.9 + 0.3 mriol/h.kg body weight. 
plismi [ilucosi] - іщ 
Б00 
310 
41 
-yf· 
m 
1 
(72 
Инн il lu pH 
Figure 5 Onset and 
decline of 
hyperglycaemia upon a-
cidification of the en­
vironment. For each of 
these 4 experiments (4, 
4 , 120 and 672 h) the 
first bar represents 
the control values (n-
6 in all cases), and 
the second bar the glu­
cose plasma concentra­
tion in the low pH ex­
posed animals (n=6 in 
all cases). 
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Figure 6 Tankwater NH concentrations upon acidification of the tanK (t=0 h) , 
- At t=24 h the water pH was 3.3 ì 0.1 and remained at that level for the next 
24 h. 
- The values are means of 4 separate experiments. 
- The insert shows the rate of NH production between t-24 h and t=4B h against 
the total body weight of the animals in the tanK. 
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DISCUSSION 
Methodology of experimental acidification 
Abruptly acidifying tankwater by adding sulfuric acid (Ashcom 1979) led to a ri-
se in water pCO (from 2.6 to 30.2 mm Hg within 30 min), followed by a rise in 
blood pC0„ (from 3.2 to 22.9 mm Hg after 0.5 h). As this hypercapnic condition 
usually lasted for hours and represented an undesired side effect of the acidi-
fication, we lowered the pH in our experimental tanks gradually and under con-
stant vigorous aeration. The fact that none of the 65 fish treated this way died 
during the low pH adaptation [up to 4 weeks pH 3.4) validates our method and, 
more importantly, points to the extreme tolerance of our tilapia to these low pH 
levels. The importance of gradual adaptation to low pH is perhaps best illustra-
ted by the lethal pH limit of 3.7 reported for tilapia by Murthy et al (1981 a, 
30 min exposure), who applied abrupt pH transfers. 
In the field fish rarely undergo quick changes in environmental pH¡ acute expe-
rimental drops in pH will therefore most likely seriously impair the animal's a-
bility to adapt to these changes. The maximal drop in pH in poorly buffered wa-
ters due to rainfall will not be more than one unit per 24 h (Seip & Tollan 1970, 
Henriksen et al (19Й4), and the effect of snow melt usually is spread over a pe­
riod of several weeks. 
Activity of the pituitary-adrenal axis during adaptation to low pH 
For our studies on regulatory mechanisms in low pH adaptation we selected expe­
rimental periods ranging from two to five days on the basis of the results of 
ncWilliams (1980) and Wendelaar et al (19Θ4) showing that brown trout and tilapia 
, during this period after water acidification, were able to reverse the initial 
decline in plasma osmolality and Na concentration. This reversal indicated that 
already two to five days after the start of the water acidification successful 
physiological adaptive mechanisms must be operative. 
In chapter 1 we discussed the usefulness of the circulating Cortisol level as an 
index of interrenal activity in tilapia. It was concluded that under resting 
conditions the reaction to the capture procedure made it difficult to obtain true 
resting levels. When we measured plasma Cortisol levels of fish exposed to low pH 
for 20 h we did not observe a capture sequence relationship. We therefore conclu­
de that the average value for this group (46 pg%) represented the actual plasma 
concentrations in these fish. The Cortisol plasma concentrations of animals ex­
posed to a low pH environment for 48 h however displayed a capture sequence αε­
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pendency almost identical to the one of control fish. From these data we conclu­
de that after 4Θ hours exposure to low pH plasma Cortisol levels were back at 
control levels; taking the values for the animals captured first serves as the 
best indication of this fact. Moreover, these low pH treated animals showed the 
capture stress response which has been shown to be absent in animals with ele­
vated Cortisol levels [chapter 1). Interestingly not only basal plasma concen­
trations were the same in low pH and control fish, but also the plateau level 
which was reached in reaction to the capture protocol. 
The finding that plasma Cortisol concentrations returned to baseline levels 
while the stress [low pH in this case) continued is a well documented phenomenon 
(see chapter 3 for data on fish acclimating to seawater) and has been reported 
earlier for other teleost species adapting to low pH [Hudge et al 1977; brook 
trout, Ashcom 1979; brook trout and Lee et al 19B3; rainbow trout). The fact 
that Brown et al (1984) reported higher Cortisol levels in trout exposed to low 
pH for 3 weeks might be related to the high percentage mortality in their expe­
rimental groups. Moribund salmonids generally display elevated circulating Cor­
tisol levels (Donaldson & Fagerlund 1960). 
We did not observe differences in size and ultrastructure of interrenal cells of 
control and low pH treated tilapia, thereby corroborating the data of Brown et 
al (1984), who localized A5-3g-HSÜH аз index of potential steroid synthesizing 
capacity of the interrenal cells of trout 21 days at low pH. Hudge et al (1977) 
and Markle et al (1978; cited in Ashcom 1979), both working with brook trout 
however, arrived at different conclusions: the former authors found cytological 
evidence for inhibited RNA synthesis and suggested impaired steroidogenesis in 
the interrenal cells. In contrast, the latter authors observed elevations in in­
terrenal cytoplasmatic RNA content and no evidence of hypertrophy or hyperplasia, 
even after 5 days of continuous exposure to low pH. Both groups could not observe 
signs of enhanced mitotic activity. Ashcom (1979) concluded that these findings 
pointed to a major limitation in the process of low pH acclimation by brook 
trout: "...relying primarily on sustained metabolic adjustments of the interre­
nal cells rather than making long term adjustments such as hypertrophy and hyper­
plasia...". Apparently tilapia were able to increase the number of interrenal 
cells rapidly; considering the foregoing this might be a capacity with major a-
daptive impact for the fish. Chavin (1956) also noted rapid morphological chang­
es in the goldfish interrenal after a saline stress, which were maximal after 3 
days. 
Important information on the activity of the interrenal gland after the initial 
rather aspecific rise in plasma Cortisol has ended can be obtained from measu­
rements of production and clearance rates of Cortisol. Dur superfusion data pro­
vide evidence for elevated in vivo basal Cortisol secretion by headkidneys from 
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tilapia exposed to pH 3.4 for 5 days, i.e. in a situation where circulating hor­
mone levels were similar to those in control animals. Ashcom (1979), who applied 
a histological approach to the question, also concluded that chronic acid stress 
stimulated the steroid synthesizing capacity of the interrenal cells of the brook 
trout. The fact that both basal and ACTH stimulated Cortisol secretion rates were 
higher in the low pH treated fish contrasts with the results obtained with tila­
pia adapted to seawater, in which only the former rate was elevated. This might 
point to separate control mechanisms of the interrenal cells in relation to these 
two types of physiological adaptation. 
The significant hyperplasia of the pituitary ACTH region after 5 days at low pH 
indicates the importance of this hormone in the long term regulation of interre­
nal function under low pH conditions, a conclusion which goes well with the re­
sults obtained from the in vitro superfusions of headkidneys, and which again 
contrasts with the situation in long term seawater adapted tilapia (chapter 3), 
in which the number of ACTH cells was not different from the number in freshwa­
ter control animals. It remains to be established whether ACTH, apart from sti­
mulating steroidogenesis in the interrenal cells, also regulates the hyperplasia 
of the interrenal cells we observed in tilapia exposed to low pH. This would be 
in line with the well documented trophic action of ACTH on the adrenals of high­
er vertebrates (Lowry 19B4 for review). 
An interesting topic for future research might be to establish whether potential 
Cortisol secretagogues other than ACTH, such as the plasma potassium concentra­
tion (see chapter 9) and/or a-MSH (low pH animals have been reported to darken, 
Dively et al 1977, Ashcom 11979), are also involved in the regulation of Cortisol 
release under low pH conditions. Our preliminary results indicate that the a-MSH 
region in the tilapia pituitary shows marked hyperplasia after 5 days at low pH. 
Effects of low pH exposure on the intermediate metabolism 
Tilapia adapted to low pH for 48 h were strongly hyperglycaemic. This hypergly-
caemic response reached enormous levels, but subsequently declined to control 
levels after several weeks. Elevations of circulating glucose levels upon acidi­
fication have been documented for whitefish and brown trout (Nieminen et al 
1962) and rainbow trout (Lee et al 19Θ3, McDonald 1983 a. Brown et al 1984 and 
Marshall Adams et al 1985). In their study. Brown et al (1984) measured rising 
plasma glucose levels for 21 days at pH 3.7, but Marshall Adams et al (1985) al­
ready measured declining levels after 24 hours at pH 4.5. The possible importan­
ce of the hyperglycaemia in the maintainance of plasma osmolality, under condi­
tions when the fish lose plasma electrolytes rapidly, has been discussed (McDo­
nald 1983 a, Giles et al 1984). 
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Adaptation of tllapia to pH 4.0 for 15 days (Clurthy et al 1981 a) resulted in 
the elevation of the synthetic phase of hepatic carbohydrate metabolism (i.e. 
inhibited glycolysis and the onset of gluconeogenesis leading to doubled hepa­
tic glycogen levels). The same occurred in tllapia muscle tissue (Murthy et al 
19Θ1 b) and one of the important consequences was that the production of metabo­
lic acids was decreased. 
+ 
These findings, together with the increased NH production by our fish, clearly 
suggests the involvement of Cortisol in the regulation of intermediate metabo­
lism in tllapia under low pH conditions (see chapter 1). This conclusion might 
not be as clearcut for the trout (McDonald 19Θ3 a) since Hill S Fromm (1968) 
showed that Cortisol treatment in this species induced increased excretion of 
waste nitrogen without concommitant elevated plasma glucose levels. 
Plasma ammonia (NH, + NH ) levels have been reported to rise in response to low 
pH (Höbe et al 1984, after 5 hours at low pHj McDonald 1983, after 40 hours at 
low pH) or to stay the same as control levels (Höbe et al 1984, after 24 hours 
at low pH King & Goldstein 19P3, after 6 to 12 hours at low pH). All authors 
who measured ammonia efflux (= NH. at low pH) however reported increased rates 
upon acidification of the water (McDonald 1983, McDonald et al 1983, Ultsch et al 
1981, Höbe et al 1984). In the latter two studies however an initial inhibition 
of the efflux was observed which lasted several hours. The increased efflux has 
been shown mainly to occur branchially, although renal armonia excretion in the 
goldfish was also stimulated under low pH conditions (King & Goldstein 1983). Our 
results indicate an almost immediate increase in NH efflux, which reached le-
vels which were the highest reported so far. Literature data range from 0.3 mmol/ 
h.kg to 0.75 mmol/h.kg (Holeton et al 1983 and McDonald 1983 a, respectively) 
both studies on trout). An interesting aspect of NH diffusion, which under low 
+ 
pH conditions forms the larger part of the measured NH efflux, from the ani-
mals is that the molecules are protonated immediately upon entry of the water, 
thereby elevating the pH at the gill surface. It has recently been suggested 
that the pH at the gill surface of trout at low pH is higher than the ambient pH 
due to base excretion by the animals (Neville 198Bj in press). The fact that tl-
lapia released significantly more NH into the water than trout might therefore 
be extremely beneficial to the species at low pH. It should be noted here that 
even the highest tankwater NH, concentrations we observed were well below le-
veis that have been reported to influence corticosteroid dynamics in fish (To-
masso et al 1981, Donaldson 1981). 
13В 
SUIWIARY 
1. Tilapia could survive a gradual decrease in environmental pH (from pH 7.5 to 
3.2 in 24 hours). 
2. Plasma Cortisol levels initially rose but declined to control levels within 
4Θ hours. 
3. After 5 days at low pH the pituitay ACTH cells and the interrenal cells had 
undergone significant hyperplasia. 
4. In line with this, the unstimulated interrenal glands of tilapia exposed to 
low pH for 5 days released more Cortisol in vitro than unstimulated glands 
of control fish. Moreover, the interrenals of the low pH exposed fish were 
more sensitive to ACTH stimulation than the control glands. 
5. Tilapia adapting to low pH environments were strongly hyperglycaemic. This 
condition lasted at least several days, but after 4 weeks plasma glucose le­
vels were similar in control and low pH treated fish. Tissue protein catabo-
lism probably served as the route for the hyperglycaemia, since the ammonia 
production increased almost instantaneously when the pH of the environment 
was lowered. Both hyperglycaemia and increased ammonia production have been 
demonstrated to be regulated by Cortisol [chapter 1). 
B. Our results indicate that tilapia under low pH conditions increase the acti­
vity of the pituitary-adrenal axis although this is not reflected in higher 
plasma Cortisol levels after 4Θ hours; this indicates that peripheral clea­
rance of Cortisol must also have been stimulated in fish adapting to low pH. 
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chapter 8 
low pH adaptation In tl lapla 
- prolactin -
INTRÜDUCTIÜN 
In the previous chapter we presented data which implicated Cortisol in the adap-
tation of Oreochromis mossambicus [tilapia) to low pH. Acidification of the en-
vironment however has been reported to affect the pituitary prolactin cells as 
well CNotter et al 1976, Wendelaar et al 1904 a,b). 
A list comprizing the established functions of prolactin among the vertebrates 
would include over 100 actions for this hormone (Nicoli 19Θ2). Effects in fish 
which might be important in the adaptation to acidic environments include acti­
ons concerning metabolism (chapter 6, Prack et al 1980), mucus production (Not-
ter et al 197Б, Wendelaar & Meis 19Θ1 ), calcium homeostasis (Pang 1981, Wendelaar 
& Flik 1982), ion- and waterpermeability of eplthelia (Rankin & Balis 1984) and 
activities of ion transport ATPases (Pickford et al 1970, Flik et al 1984, chap­
ter 6). In considering the possible evolution of prolactin's functions (Nicoli 
1980), it has been suggested that the osmoregulatory actions of the hormone 
might be primal; the regulation of ion permeability of cellular epithelia being 
of utmost importance (Bern 1983, Rankin S Bolis 1984). In line with this Dhar-
mamba & Maetz (1972) demonstrated that prolactin treatment of hypophysectomized 
freshwater tilapia resulted in restoration of the enhanced passive Na efflux 
rates to levels typical for intact fish. This treatment did not, however, resto-
+ 
re the impaired active uptake of Na in these animals. 
Interestingly, McWilliams (1980), being the first to demonstrate physiological 
acclimation of a teleost to low pH (6.0), concluded that this adaptation depen­
ded largely on the ability of the brown trout to change gill Na permeability. 
Wendelaar et al (1984 a,b) postulated prolactin to be causally connected with the 
restoration of plasma electrolyte concentrations and branchial osmetic water per­
meability during low pH exposure of tilapia. Ten days after environmental acidi­
fication one of the most striking features observed was the degranulation of the 
prolactin cells which, together with the increase in volume of the granular endo-
plasmatic reticulum and activation of the Golgi areas (Wendelaar et al 1984 a), 
can be considered as an indication of increased hormone release rates. The repor-
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ted increase in size of the rostral pars distalis was also interpreted as an in-
dication of higher in vivo prolactin production rates. The authors however pre-
sented this increase in size of the prolactin lobe having calculated the relati-
ve volume of the pituitary occupied by the lobe. In doing this, they assumed 
that no changes in the other pituitary endocrine cell types occurred during acid 
stress. However, in the previous chapter we demonstrated the doubling in volume 
of the ACTH region, while preliminary results showed that the total a-MSH cell 
volume also increased markedly after 5 days at low pH. In this chapter we there-
fore present measurements of the total volume of the prolactin containing part 
of the rostral pars distalis (the prolactin lobe) of control and low pH exposed 
tilapia. In an ultrastructural study of the prolactin lobe we determined the ef-
fects of short term and long term acidification of the water on the degree of 
granulation of the prolactin cells of the fish. 
Exposing tilapia to acidified freshwater resulted in higher Cortisol secretion 
rates, which may have been partly mediated by ACTH (chapter 7). However, prolac-
tin has also been implicated in the regulation of the interrenal cells in te-
leosts (Olivereau & Olivereau 1970, Fleming & Ball 1972), although negative re-
sults have been reported as well (Chan et al 196B). Thus the hyperactivity of the 
interrenal gland under low pH conditions may also have been partly caused by the 
increased secretion of prolactin. We therefore decided to test the influence of 
prolonged prolactin administration on the tilapia interrenal. For this purpose we 
superfused interrenal glands of control fish and of prolactin treated tilapia in 
vitro. 
NETHODS 
Animals Female tilapia (average body weight 13 g) were kept as described in 
chapter 1. The fish that were kept in an isocsmotic environment (iso 
NaCli chapter 3) were adapted 2 weeks prior to the start of the experiment. The 
aquaria were acidified experimentally as outlined in chapter 7. To treat ani-
mals (n=B) with tilapia prolactin, each fish received 5 pituitary prolactin lo-
bes from male donors (average body weight 15 g) implanted in its abdominal cavi-
ty, as described in chapter 6. The experiment lasted 12 days. Fish were handled 
and sacrificed fallowing procedures given in chapter 1. 
Histology Histological procedures used to determine prolactin lobe volume and 
prolactin cell granulation have been described in chapter 3. Granu-
lation was quantified from electron micrograms using a Kontron Digiplan morpho-
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metrical analyzer connected to an X-Y tablet. For each animal the number of gra­
nules per fixed surface area for 20 individual prolactin cells from different 
parts of the RPD was determined. 
Superfusions Headkidneys were superfused according to the protocol given in 
chapter 7. 
Assays Plasma total calcium concentrations were measured by aid of a commer­
cial calcium kit (Sigma). Plasma protein levels were determined using 
a BioRad protein assay (500-0006) kit. Bovine serum albumen (BSA; Sigma) served 
as a reference. Cortisol concentrations in plasma or in superfusion fractions 
were assayed by radioimmunoassay (RIA) as described in chapter 1. 
Statistics Data are given as means ± SEM. Statistical comparisons between 
groups were performed applying Student's t-test for unpaired obser­
vations. * indicates ρ < 0.05) ** ρ < 0.02; ·*· ρ < 0.01 and **** ρ < 0.001. 
RESULTS 
The results presented in fig.1 show that pituitary prolactin cells remained de-
granulated for longer periods of time during acid exposure of tilapia. This res­
ponse however did not occur immediately upon acidification of the environment; 
significant degranulation occured between 4 and 4B hours. Adaptation of tilapia 
to an environment isoosmotic with the body fluids two weeks prior to the acidifi­
cation prevented degranulation of the prolactin cells (fig.1 upper right). Five 
days after the pH of the tanks was reduced to pH 3.5 the total volume of the pro­
lactin lobe had increased 504 (table 1; ρ È0.01). 
Tilapia were able to maintain their plasma total calcium concentration at control 
levels under low pH conditions (4Θ h; table 2); plasma protein levels also did 
not change. 
We treated tilapia with homologous prolactin for 12 days and the influence on the 
interrenal cells is illustrated in fig.2. The main effect of prolactin treatment 
appeared to be the increased sensitivity of the interrenal to ACTH stimulation. 
Figure 1 (next page) The influence of various periods of low pH exposure on 
the granulation of the pituitary prolactin cells of ti­
lapia. Upper right: comparison of the effects of 192 h low pH in freshwater a-
dapted and isoosmotic saline adapted fish. Granulation of the cells is in arbi­
trary units (see Clethods). n=5 for all experimental groups. 
145 
granulation prolactin cells 
8 days pH 3.5 — 
зо 
20 
10 
0 J 
τ 
с PH С PH 
**** 
τ 
*» Ш» 
4 48 192 360 
contr. hours at pH 3.5 
freshwater iso NaCI 
146 
volume prolactin lobe 
mm
3
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controls 3B4 ± 19 
low pH exposed 573 ± 45 *** 
Table 1 Effect of low pH adaptation [5 days pH 3.5) on the total volume of 
the prolactin cells in the pituitary of tilapia. 
- Body weight controls 12.4 + 0.8 g (n=6); low pH tilapia 10.3 i 0.7 (n=7). 
It must be noted that maximally ACTH stimulated Cortisol reledse in the 3 super-
fusions of headkidneys from prolactin treated fish did not occur in the same 
fractions, whereas it did in the control superfusions (: 25 minutes after the 
ACTH pulse). The effect of prolactin treatment became more pronounced when we 
compared the maximally ACTH stimulated Cortisol release rates for the hormone 
treated fish (1Θ.0 ± 4.θ pg cortisol/min.mg headkidney tissue) with the value 
for the controls (see fig.2; ρ i 0.05). Moreover, ACTH stimulated Cortisol re­
lease remained above prestimulatory rates 60 minutes longer in the prolactin 
group than in the controls. 
Prolactin treatment did not alter circulating plasma Cortisol levels, as could 
be determined in four separate experiments (average values in relation to the 
controls were -B%, -34, -24, and +21% respectively; not significantly different 
from control values in any of the experiments). 
controls (pH 7.7) 46 h pH 3.4 
total calcium concentration mil 5.24 ± 0.35 5.4Θ ± 0.45 
protein concentration g% 3.0+0.1 2.7+0.2 
Table 2 Total calcium and protein plasma concentrations of controls and tila­
pia exposed to low pH for 48 h. 
- Body weight controls 17.1 + 0.8 g (η=1Β); low pH tilapia 15.9 ± 0.9 (n=1B). 
- Both parameters were not significantly different between the groups. 
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Figure 2 In vitro 
Cortisol 
release by superfu-
sed headkidneys of 
control and prolac­
tin treated tilapia 
- The presented va­
lues are means of 
3 separate super-
fusions per expe­
rimental group. 
- Prolactin treot-
ment : see Methods 
section. 
- Body weight con­
trols: 10.4 ± 0.4 
g (n = 6) ; prolac­
tin treated 11.4 
± 0.3 g (n=6). 
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DISCUSSION 
Effect of low pH exposure on the prolactin cells 
The morphometrical results presented in this chapter indicate that prolactin 
cells remain activated for at least 2 weeks under low pH conditions. The stimu­
lation does not occur instantaneously upon environmental acidification, but af-
14B 
ter several days the effect is intensified by the increase in the total volune 
of the prolactin secreting cells. These data together with the established time 
lag needed for full expression of prolactin's action on epithelial permeability 
in fish (Johnson et al 1974) leads us to believe that prolactin under low pM 
conditions mainly functions as a long term ti.e. after several days) regulator 
of osmoregulation in fish. The fact that environmental acidification apparently 
does not affect the prolactin cells of tilapia adapted to isoosmotic saline (i-
so NaCl) indicates that prolactin under 'natural' (=freshwater) low pH conditi­
ons probably is not involved in acid-base regulation or in plasma calcium homeo­
stasis, but more likely regulates plasma sodium and/or chloride homeostasis. 
The data presented by Wendelaar et al, who adapted tilapia to pH 4.0 [19Θ4 a), 
indicate that until the fifth day of low pH adaptation the increase in indivi­
dual cell volume can account for the increased prolactin lobe volume [increases 
of 25% and 294 respectively). We however, measuring the volume of the prolactin 
lobe directly, showed a 50% increase afer 5 days, which implies rapid cell pro­
liferation under low pH conditions, considering a maximal increase in indivi­
dual cell volume of 35% (Wendelaar et al 1964 a). The reason for this discre­
pancy lies in the fact that the authors presented rostral pars distalis volumes 
as percentages of total pituitary volumes, assuming that the volume of the ACTH 
cells was negligible and that the other pituitary endocrine tissues were unaf­
fected by low pH. The results presented in chapter 7 however indicate that both 
pituitary ACTH (under control conditions θ% of the r.p.d) and a-MSH regions 
display significant hyperplasia, which explains the underestimation of the in­
crease in prolactin lobe volume by Wendelaar et al (19Θ4 a). 
Prolactin cell proliferation might be a general mechanism through which tilapia 
meets the requirement for greater prolactin secretion since Leatherland ot al 
(1974), studying a variety of tilapia species living in hyper- and hypoosmotic 
environments, also observed a preference for cell proliferation over increased 
individual cell activity in tilapia adapted to hypoosmotic environments. 
Tilapia exposed to low pH for 48 hours show no hypo-calcaemia. This is in con­
trast with the results of Wendelaar et al (1984 a), who demonstrated a signifi­
cant decline in plasma total calcium concentration, being maximal (10%) after 1 
and 2 days at low pH. The difference might be related to the experimental de­
signs (abrupt versus gradual lowering of ambient pH; see chapters 7 and 9), or 
to the fact that we used female tilapia, which might be able to recruit calcium 
stores more efficiently than males under these circumstances. 
The effect of low environmental pH on the calcium dynamics in fish remains an 
unsettled matter considering the available data: Höbe et al (1984), working with 
rainbow trout adapted to 0.18 mM Ca , observed a transient (12 h) whole body 
149 
ion loss after acute exposure to pH 4.0-4.2. Rodgers (1984) on the other hand 
reported brook trout calcium dynamics to be unaffected by low pH (5.3). Cameron 
(1985) discussed that the bone , an important calcium compartment, probably is 
not involved in the regulation of acid-base compensation in fish. 
Data on plasma calcium levels are conflicting as well: Giles et al (19Θ4) repor­
ted that rainbow trout exposed to pH 6.0 and lower for 22 days displayed hypo-
calcaemia, whereas Parker et al (1985) and McKeown et al (1985), also working 
with trout, did not observe an effect of low pH. Whatever the (relatively) short 
term experimental effect of low pH on calcium dynamics in individual fish, low 
environmental pH still may influence calcium dynamics of female fish in a way 
that will endanger the survival of fish populations (Beamish et al 1975). 
The finding that the plasma protein concentration is not affected 4Θ h after a-
cidification of the water contrasts with data on trout (Millignn & Wood 1982, 
McDonald 1983; a 21% and 71% increase after 2 days respectively) and indicates 
that the plasma volume probably did not change to any extent in our experimen­
tal animals. 
Prolactin effects on the interrenal gland 
At present it is not clear which of prolactin's actions are most prominent under 
low pH conditions. The present finding that prolactin treatment in vivo increa­
ses the sensitivity of the interrenal cells to ACTH, combined with the data of 
chapter 7 showing that ACTH cells are activated under these circumstances, in­
dicates that its action at tho interrenal level might be added to the list of 
prolactin effects at low pH. 
In mammals prolactin is a well established inhibitor of adrenocortical 5a-re-
ductase activity (reduces corticosterone into less active metabolites; Witorsch 
S Kitay 1972, Gustafsson 8 Stenberg 1975, Colby 1979) and adrenocortical tissue 
contains high concentrations of prolactin receptors, which are regulated by sex 
steroids (Calvo et al 1981]. It has been discussed that the adrenal prolactin 
receptors may differ from the prolactin receptors found in other target organs 
(Waters et al 1984). 
As stated in the introduction, the effect of prolactin on the teleost interrenal 
remains unclear. The data are mainly derived from histological studies and, as 
discussed by Ball & Hawkins (1976), ACTH contamination of the prolactin prepara­
tions used might seriously interfere with the prolactin effects on the interre­
nal. We treated our fish with homologous prolactin and since ACTH cells (the im­
planted lobes might contain some) degenerate when implanted (Ball et al 1965), 
we conclude that we are dealing with a genuine prolactin effect. The fact that 
the plasma Cortisol levels were unchanged due to the prolactin treatment might 
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indicate that in these animals ACTH secretion was inhibited and/or Cortisol 
clearance rates were increased (see chapter 7). The lack of effect of prolactin 
on plasma Cortisol levels corroborates the results of Brewer S HcKeown (1980) 
on coho salmon, but is in contrast with the data of Assem (19Θ4) on tilapia. The 
latter author however injected ovine prolactin in extremely high doses. 
Our finding that prolactin enhances ACTH stimulated corticosteroid release in 
fish recently was substantiated by data of Eldridge & Lymangrove (19Θ4), who 
worked with rat adrenocortical slices. 
In his 197Θ review de Vlaming stated that "... soma of the osmoregulatory (...) 
actions proposed for PRL could be explained if this hormone is indeed adreno-
corticotrophic.", and he suggested that a fruitful approach to the matter might 
be to examine possible synergisms of prolactin with ACTH or angiotensin on the 
adrenal. The present results supply evidence for this thesis. They furthermore 
indicate that the low pH syndrome might serve as a useful model for the study of 
the interaction of prolactin and the interrenal in teleosts. 
SUMMARY 
1. Decreasing environmental pH led to an activation of the pituitary prolactin 
cells within 4Θ h, as judged by the degranulation of these cells. This con­
dition persisted for at least 2 weeks. The activation could be prevented by 
adapting the fish to isoosmotic waters 2 weeks prior to the acidification. 
2. The total volume of the prolactin cells increased by 50% within S days at 
low pH. 
3. Α 4Θ h exposure of tilapia to pH 3.4 did not alter plasma total calcium or 
plasma protein concentrations. 
4. Treatment of tilapia with homologous prolactin for 12 days resulted in a sig­
nificantly increased ACTH sensitivity of the interrenal gland. 
5. We conclude that prolactin is particularly important in the long term adap­
tation of tilapia to low pH conditions and that part of its effect might be 
exerted via the regulation of interrenal ACTH sensitivity. 
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chapter 9 
low pH adaptation In tl lapla 
- electrolyte status and active sodium transport ATPases -
INTRODUCTION 
One of the major problems teleosts encounter upon acidification of the envi­
ronment is the loss of body electrolytes to the water. These negative ion flu­
xes mainly result from higher branchial permeability (Marshall 19Θ5) and im­
paired active uptake mechanisms. Gill sodium and chloride fluxes are largest 
+ + 
and because of the exchange processes operating [Na /H and CI /HC0_ respecti­
vely), several authors have linked the ionic disturbances in acid waters with 
imbalances occuring in the acid-base status of the fish under low pH conditions 
(Ultsch et al 1981, review by Heisler 1984). 
Fish however seem to be able to adapt to the situation by decreasing the perme­
ability of their body surface (McWilliams 19B0 •, Wendelaar Bonga et al 19Θ4) 
and by counteracting the depression of branchial ion uptake rates (Ashcom 1979, 
flcWilliams 1980 b, McDonald et al 1983). Sodium uptake occurs actively in fresh­
water fish and is thought to be driven by sodium ATPases which are present in 
high concentrations in so called ionocytes (or chloride cells) located at the 
base of the secondary gill lamellae [chapters 4 and B). Until recently, only 
+ + 
Na /K ATPase has been implicated in the transepithelial sodium influx but in 
chapter 4 we characterized a second sodium-dependent enzyme activity present in 
+ + + 
tilapia gills, which might function as a Na /H (-NH ) ATPase and which could be 
demonstrated to be especially prominent in freshwater fish (chapter 5). 
In view of the disturbed sodium balance under low pH conditions several authors 
+ + 
have measured gill Na /K ATPase activities of fish exposed to acidic waters 
but results are confusing (Staurnes et al 1984 a,b, McKeown et al 19B5). In this 
chapter we studied the influence of low pH exposure on active sodium transport 
ATPases in tilapia. In the previous chapters we demonstrated the activation of 
both the pituitary-adrenal axis (chapter 7) and the prolactin cells (chapter 8) 
by low pH adaptation in tilapia and since the two hormones involved (Cortisol 
and prolactin respectively) were shown to have opposite effects on not only 
+ + + + 
Na /K ATPase, but also on Na /H ATPase activity in the gills of tilapia, we 
decided to investigate the possibility that gill Na /K ATPase and Na /H ATPase 
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are regulated differentially under low pH conditions. 
The sodium loss due to environmental acidification has been demonstrated mainly 
to occur branchially, but renal sodium losses in trout can add up to some 30% of 
net gill fluxes (McDonald & Wood 1981). The renal sodium excretion rates however 
declined significantly after exposure of the trout to pH 4.3 (McDonald & Wood 
19B1, McDonald 19Θ3). To investigate whether or not kidney sodium dependent ATP 
ases could be involved in this adaptive regulation we included renal sodium ATP 
ase measurements in our studies, which comprised short term (2 and 5 days), and 
long term (4 weeks) exposure of tilapia to low pH. 
Our acidification experiments are essentially (handling-) stress free to the ex­
perimental animals (chapter 7,B), whereas most literature studies on the effect 
of low pH on osmoregulation involve some aspects of handling stress. Stress has 
pronounced effects on the electrolyte balance of fish (review by Eddy 1981), and 
it might therefore be anticipated that handling stress interferes with the ionic 
regulation of teleosts under low pH conditions. In an additional experiment we 
therefore tested this possibility by comparing the effects of stress on tilapia 
osmoregulation under control (pH 7.5) and under low pH conditions. 
METHODS 
Animals Sexually mature female tilapia were kept and handled as described el­
sewhere (chapter 1). The protocol for experimental acidification of a-
quariumwater by means of a flow through device is given in chapter 7. The stress 
experiment comprised four groups of fish: control (pH 7.5) unstressed, control 
stressed, low pH (48 h) unstressed and low pH stressed. To stress fish, they we­
re chased with a net for 5 minutes. All fish were sacrificed 3 hours later. 
Chloride cells Chloride cell densities in the opercular epithelium of the fish 
were measured following procedures outlined in chapter 5. 
Assays Gill plasma membranes were purified as described in chapter 4. Prepara­
tion of kidney plasma membranes differed from the gill procedure only 
in the first step: instead of twelve douncer strokes, six strokes with an all 
glass Potter homogenizer were applied to prepare the original homogenate (H ) 
+ + + + 
of whole kidney tissue. Na /K ATPase and Na /H ATPase activities of gill and 
kidney plasma membranes were assayed as described in chapter 4. Haematocrit va­
lues and plasma osmolalities of the fish were determined as described in chap­
ter Б. Plasma potassium and sodium levels were measured by flame photometry. 
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Statistics Data are expressed as means ± SEM. Statistical analyses were car­
ried out applying Student's t-test for unpaired observations. * de­
notes ρ S 0.05; ** ρ S 0.02j *** ρ £ 0.01 and **** ρ £ 0.001. 
RESULTS 
pH 
3 J 
Л 
Π 
- -ж 
piipiilir [ М 0 4 ] 
г 0.3 
0.2 
0.1 
О 
40 80 
time <h> 
Figure 1 Experi­
mental a-
cidification of an 
aquarium containing 
10 tilapia (total 
body weight 174 g ) . 
At t = 19, 41, and 
64 hours the acid 
flow through was 
stopped and the re­
sulting rises in am­
bient pH (see dotted 
lines I, II and III) 
indicated net base 
efflux from the ani­
mals. 
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rig.1 depicts an acidification experiment during which the pH of the aquariumwa­
ter was lowered gradually to pH 3.5 within 20 hours. When the acid titration was 
stopped at 19, 41 and 64 hours, water pH rose , apparently due to net base ef­
flux from the fish, but these efflux rates declined with time (compare the slo­
pes I, II and III in fig.1). 
Table 1 includes blood parameters of fish exposed to acidified water for 4Θ h. 
Apparently stress affected osmotic homeostasis especially when combined with low 
pH exposure (fig.2). In this experiment the plasma potassium concentration pro­
ved to be extremely sensitive to stress: under control conditions (pH 7.5) stress 
induced nearly a twofold rise (from 5.5 ± 0.4 rrtl to 10.7 ± 1.3 nil; ρ £ 0.01); un­
fortunately we could not measure stressed levels in the low pH group, because low 
pH exposed animals generally yielded less blood. 
haematocrit 
plasma osmolality 
+ 
plasma Na concentr. 
plasma К concentr, 
% 
mosm 
nfl 
тП 
contisi 
33.1 ± 1.5 
330 ± 5 
137 ± 4 
5.5 ± 0.4 
4Bb. pH14 
3Θ.9 i 1.1 
325 ì a 
131 ± 2 
7.7 ± 0.3 
* ** 
η .s. 
π .s. 
* 
Table 1 Blood parameters of control fish and fish exposed to acidified water 
for 43 h (n=6 per group). 
Fig.3 illustrates the influence of low environmental pH on the number of chloride 
cells in the opercular epithelium of the fish. The diameters of these cells were 
not affected by the experimental conditions, but the number of cells increased 
+ + + + 
dramatically. Table 2 compares the Na /K ATPase and Na /H ATPase activities of 
gills and Kidneys from control fish and fish exposed to low pH for 5 and 2Θ days. 
Five days after acidification of the environment both the specific and total 
branchial Na /H ATPase activities had increased significantly (61% and 140% res-
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pectively) over control values. Branchial specific Na /К ATPase activity on the 
other hand had declined significantly, but the total enzyme activity had decrea­
sed only marginally. Long term low pH exposure (28 days) counteracted these chan-
+ + + + 
ges in specific enzyme activities; total Na /K. ATPase and Na /H ATPase levels 
were still slightly elevated over control levels. 
E 
CO 
о 
E 
contr. 48 h. low pH 
300 
200 
100 • 
О 
— itrisiri — ilrisiit 
Figure 2 Effect of stress on plasma osmolality under control and low pH condi­
tions. The 'stressed' animals were chased with a net for 5 minutes 
and sacrificed 3 hours thereafter. 
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Figure 3 Opercular c h l o r i d e c e l l d e n s i t i e s and diameters of f i s h exposed t o low 
ambient pH (n=B f o r a l l groups) . 
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control S dais loi pH 2B dais low pH 
GINS .... 
Klúnífs.. 
.. Na+/K+ ATPase 
Na+/H+ ATPase 
ratio Na+/H+: 
.. Na + /K+ ATPase 
Na+/H+ ATPase 
ratio Na+/H+: 
Na 
Na 
spec. 
tot. 
spec. 
tot. 
+ + 
/К 
spec. 
tot. 
spec. 
tot. 
+ + 
/К 
5В.2 ± 4.0 
13.9 ± 1.7 
37.9 ± 2.2 
9.9 ± 1.0 
0.59 
ВО.9 ± 4.7 
15.5 ± 3.5 
24.9 ± 3.3 
4.7 ± 0.7 
0.30 
26.7 ± 2.9 
10.4 ± 1.3 
60.9 ± 1.5 
23.В ± 1.9 
2.2 
89.5 ± 5.6 
17.В ± 4.5 
24.3 ± З.і 
4.6 ± 0.8 
0.26 
* * * * 
* * * * 
+ + W * 
65.2 ± 3.2 
18.3 ± 2.1 
45.6 ± 1.4 
12.7 ± 2.а 
0.70 
77.5 ± 5.3 
15.3 ± 2.2 
23.9+1.3 
4.4 ± 0.9 
0.30 
+ 
Table 2 Effect of low environmental pH on branchial and renal Na -ATPase activi­
ties of tilapia [n=6 per group). Specific ATPase activities in ymol P./ 
h.mg protein; total enzyme activities in μιτιοί Ρ /h 
Tilapia kidneys appeared to contain significant amounts of Na /H ATPase activi­
ty. Na /K ATPase was present at very high specific activities when compared 
with branchial activities. Under control conditions the Kidneys and the gills 
contained comparable amounts of Na -ATPases (20.2 versus 23.В pmol Ρ /h respecti­
vely), but these renal enzyme fractions did not seem to be influenced by environ­
mental pH. 
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DISCUSSION 
Acid-base regulation 
Fish exposed to acidic environments face severe disturbances in acid-base balan­
ce accompanied by losses of electrolytes from the body. The common denominators 
for both problems have been suggested to be [predominantly branchially situated) 
+ + + + 
active ion uptake mechanisms. For transepithelial Na uptake. Na /H (-NH ) ex­
change mechanisms have been postulated (see chapter Ί). Inhibition of active Na 
uptake rates in trout under low pH conditions has been documented (Ashcom 1979, 
McWilliams 1980 b), but this inhibition is -though not fully- relieved with time. 
+ 
This restoration of Na uptake rates likely contributes to the restoration of the 
+ 
initially depressed Na plasma levels under low pH (6.0) conditions (McWilliams 
19Θ0 a). Tilapia has been shown to adapt more efficiently than trout to low pH in 
this respect, being able to regulate plasma Na concentrations at pH values as 
low as pH 4.0 (Wendelaar et al 1964). Trout at this pH display continuously de­
clining plasma Na levels (Ashcom 1979, Neville 1979 a). 
The results presented in this chapter show that tilapia is capable of regulating 
the apparent base efflux at pH 3.4 as well. In theory, the rise in water pH ob­
served when acid titration is stopped results from interplay of the following 
transfer processes: NH efflux, HCO (OH ) efflux, H + influx and H + efflux. The 
first three fluxes tend to elevate ambient pH, whereas H efflux from the fish 
evidently will lower the water pH. Excretion of metabolic acids (pyruvate and 
lactic acid) by the fish probably does not occur (Holeton et al 19Θ3). Total ni­
trogen (NH + NH. ) excretion by tilapia under these circumstances has been 
shown to be linear with time (chapter 7). At low pH this excretion occurs mainly 
via nonionic diffusion of NH . If anything, the NH contribution to the total 
nitrogen efflux increases with time since the backpressure for NH. efflux rises 
(Wright & Wood 1985). Therefore the NH_ efflux component of apparent bass excre­
tion cannot be responsible for the observed decrease in base efflux from tilapia. 
We conclude that this also holds for HCO efflux from the fish since Perry et 
al (1984) reported that gill epithelium is impermeable to HCO. . Regulation of 
the net proton influx therefore must be the mechanism by which tilapia decreases 
apparent base excretion. A decrease in net proton influx after an initial increa­
se upon environmental acidification has been reported for trout (McDonald et al 
1983). The decline of the net influx likely results from a decreased branchial 
proton permeability, possibly together with increased active proton efflux rates. 
The relative importance of these two mechanisms for tilapia remains to be veri­
fied. 
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Blood parameters ι effects of stress 
The blood parameters presented in this chapter indicate that tilapia are effi­
cient osmoregulators under low pH (3.4) conditions (see chapters 7 and Θ). Plas­
ma Na concentrations and osmolality did not decline significantly and the rise 
in haematocrit was moderate when compared with data on trout (McConald 19Θ3, Gi­
les et al 1984, Neville 1979 b). Increases as high as 122% after 3 days at low 
pH have been reported (Milligan & Wood 1982). These latter authors observed swel­
ling of red blood cells, a reduction in bloodplasma volume and mobilization of 
erythrocytes from the spleen. Chronic exposure of trout to low pH tends to redu­
ce the initial rise in haematocrit values (Parker et al 1985). 
+ 
Increased plasma К concentrations upon environmental acidification have been 
measured in trout (Dively et al 1977), carp (Ultsch et al 19B1), and white suck­
ers (Höbe et al 1984). The surplus of К is generally believed to be of intracel­
lular origin. Since fish regulate intracellular pH preferentially as compared to 
+ + 
extracellular pH (Heisler 1985), Κ /H exchange mechanisms across the cell mem­
branes will operate to prevent intracellular acidosis (Plilligan S Wood 1982, Hö-
be et al 1984). 
The fact that we did not measure decreased plasma Na levels 48 hours after water 
acidification does not necessarily imply that the fish have maintained a positive 
+ 
Na balance. Ionic or water shifts between body compartments mipht hav(5 соі тепьа-
+ 
ted small Na losses from the blood (Booth et al 1982,Holeton et al ІС^З,^lles et 
al 19 4, Kostecki 1984). The results from the stress experiment at least indicate 
that ionic regulation is impaired under low pH conditions since the low pH ani­
mals could not cope with the stress procedure whereas the control fish did. This 
experiment in addition demonstrates the importance of stress free experimental 
designs when studying the effect of low pH on fish osmoregulation. 
Chloride cells and active ion transport under low pH conditions 
Body net Na losses to the acidic environment in part result from impaired acti­
ve uptake mechanisms (Packer S Dunson 1970). It has been shown that trout at pH 
+ 
4.0 are able to restore their active Na uptake rates to some extent (Ashcom 
+ 
1979, McDonald et al 1983), but nevertheless plasma Na levels in this species 
steadily decline over periods of twenty days at this ambient pH (Neville 1979 
a, Ashcom 1979). An interesting explanation for the ability of tilapia to main­
tain plasma Na levels at these low pH values might be that these fish, in con­
junction with an adequate capacity to regulate the body surface permeability to 
water and ions (chapter 8), are more efficient than trout in maintaining active 
Na uptake rates at low environmental pH. 
163 
The rapid rise in opercular chloride cell densities upon environmental acidifi­
cation is an indication that active ion transport mechanisms are activated under 
low pH conditions. We did not quantify the chloride cells on the gill lamellae, 
but we assume that the gill chloride cells show a similar hyperplasia as the o-
percular chloride cells. Leino & HcCormicK (1964), studying fathead minnows, re­
ported a very significant inverse correlation between environmental pH and the 
number of chloride cells per mm of gill lamella after 129 days of experimental 
pH exposure (7.5 - 5.0). In addition they showed that at pH 5.0 22.4% of the 
branchial chloride cells possessed apical pits, in contrast to 0.6% in control 
fish kept at pH 7.5. Chevalier et al (1985), who undertook an extensive study on 
the chronic effects of low ambient pH on the gills of brook trout, also measured 
more branchial chloride cells in trout living in acidified lakes than in fish 
inhabiting nonacidified lakes. 
Our data on the opercular chloride cells of tilapia under low pH conditions indi­
cate that the system reacts differently to various environmental challenges. Com­
parison of the low pH response with the reaction to seawater transfer (chapter 5) 
shows that the low pH stress exerts its effects for weeks, whereas chloride cell 
hypertrophy and hyperplasia in seawater declines after one week. Low pH on the 
other hand did not affect chloride cell diameters. 
+ 
Branchial Na transport ATPase activities during low pH adaptation 
The most prominent feature of the data on gill Na -ATPase activities presented 
+ + 
in this chapter is the stimulation of Na /H ATPase activity after several days 
+ + 
at low pH. The 2.4 times increase in total Na /H ATPase activity might be a re­
flection of the increased number of chloride cells and could not only be impor­
tant to the fish in maintaining active Na uptake rates at low pH, but also in 
+ + + 
NH and H (see chapter 4) excretion under these circumstances. Active H ex­
cretion could be a mechanism through which tilapia decreases net proton influx 
after several days at low pH. 
+ + 
Branchial specific Na /K ATPase activity in these fish however is inhibited 53% 
after 5 days at pH 3.5. This inhibition, although less pronounced when comparing 
total enzyme activities, corroborates data of Kjartansson S Fyhn (19Θ4) and 
Staurnes et al (1994 a), who exposed trout to pH for 1 day and to pH 5.0 for 4-7 
days respectively. Comparison of our results with these studies however are com­
plicated by the presence of 200 ug/l A1C1 in their experimental waters. Kjar­
tansson S Fyhn (1964) and Staurnes et al (1964 b) in fact concluded that pH expo­
sure in the absence of aluminium caused no significant decrease (former study), 
or even an increase (latter study) in branchial specific Na /K. ATPase activity. 
+ 
"This stimulation however was accompanied by lower plasma Na levels. Increased 
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+ + 
Na /К ATPase activities after a 21 days exposure of trout to pH 4.9 was repor­
ted by McKeown et al [19Θ5) as well, but this increase also could not prevent 
the animals from being hyponatraemic. 
+ 
We have reported on Cortisol and prolactin effects on tilapia Na -ATPase activi­
ties (chapter 6]. Administration of the two hormones simultaneously, which will 
create a situation resembling the one during the first days of low pH exposure 
(see chapters 7 and Θ), resulted in a branchial Na -ATPase activity pattern dif­
ferent from that actually measured after 5 days at low pH [data not shown 1. Ap­
parently factors other than Cortisol and prolactin also are important in the re­
gulation of these enzymes under low pH conditions. One might speculate that in­
flux of protons into the chloride cells might be of importance since intracellu-
+ + 
lar acidosis in particular has been reported to block basolateral Na /K pump 
activity (Eaton et al 19Θ4). 
The situation becomes even more complex when we consider the events occuring af-
+ + 
ter the first few days at low pH. The stimulation of the Na /H ATPase activity 
+ + 
appears to be transient, whereas specific and total Na /K ATPase activities are 
restored to levels slightly higher than control levels. Chloride cell densities 
however continue to increase which leads to an apparent dissociation between the 
+ 
number of chloride cells and the total Na -ATPase activities after 4 weeKs at 
low pH. Adapting tilapia to several environmental conditions (chapter Si for com­
parable periods initially suggested a close correlation between the number of 
+ 
chloride cells and total Na -ATPase activities. After adaptation to 630 mosm NaCl 
for instance these two parameters were Б.4 and 4.3 times control values, respec­
tively. An interesting explanation for the discrepancy might be that chloride 
cells under low pH conditions exhibit additional qualities which enable t'ilapia 
to survive acidic environments. Regulation of epithelial permeability might be re­
levant in this respect since chloride cells seem to be capable of making several 
types of tight junctions with adjacent cells (reviewed by Foskett et al 1983). In 
this context it might be recalled that administration of prolactin, the hormone 
generally associated with epithelial permeability regulation, to tilapia resulted 
in a significant increase in the number of chloride cells, which was accompanied 
+ 
by a decrease in total branchial Na -ATPase activity (chapter B). 
+ 
Renal Na transport ATPase activities during low pH adaptation 
In teleosts the kidneys play an important role in the maintainance of osmotic 
homeostasis. Renal excretion in freshwater is mainly associated with water eli­
mination. The production of large volumes of urine by freshwater fish must be 
accompanied by the reabsorption of proportionate amounts of sodium and chloride 
165 
ions by the renal tubules to maintain positive ion balances. Epstein et al (1969) 
+ 
calculated that freshwater Fundulus kansae reabsorbed 95% of the filtered Na . 
McDonald (19Θ3) presented data showing that the renal Na losses in freshwater 
+ 
trout were about 50% of the branchial net Na influx. In the same paper the au-
+ 
thor demonstrated that renal Na losses declined with time during low pH exposu-
+ + + 
re. Especially Na reabsorption by teleost kidneys has been related to Na /K 
ATPase activity by several authors on the basis of changes in enzyme activity du­
ring seawater adaptation (Epstein et al 1969; our unpublished results) or smolti-
fication (McCartney 1976). Jampol & Epstein (1970) however concluded from their 
data that Na /K. ATPase activity in fish kidneys "..is controlled in part by fac­
tors in addition to the work of reabsorbing sodium from the glomerular filtrate". 
A general feature of teleost renal Na /K ATPase is its high specific activity 
when compared with the branchial enzyme. Renal activities were higher in tilapia 
(p SO.01) and this confirms data on Chelon labrosus (Gallis et al 1979), atlantic 
salmon (McCartney 1976), Fundulus heteroclitus (Epstein et al 1969) and trout (Mc 
Keown et al 19B5). The only exception reported so far is the stenohaline large-
scale sucker (Catostomus macrocheilus; McKeown et al 1965). 
+ + 
Cur results show that tilapia kidneys contain Na /H ATPase activity. The relati-
+ 
ve amounts of the two Na -ATPases however are different from those in the gills, 
both under control and acid conditions. Our present data demonstrate that tila-
+ 
pia renal Na -ATPase activities are unaffected by low pM adaptation, thereby -as 
+ + 
far as Na /K. ATPase is concerned- corroborating results of Kjartansson 8 Fyhn 
(1984) and McKeown et al (1985) on trout. The renal Na -ATPases therefore cannot 
be implicated with any certainty in the apposition of renal Na losses during low 
pH adaptation (McDonald 19Θ3). 
SUMMARY 
1. We studied the effects of short term (2 or 5 days) or long term (28 days) ex­
posure to acidic waters on tilapia osmoregulation. 
2. Data on the apparent base efflux, which decreased rapidly during the first 3 
+ 
days of acid exposure, suggest that tilapia regulates H fluxes efficiently 
under these conditions. 
3. Tilapia blood parameters, such as the haematocrit value and plasma К concen­
tration, changed upon environmental acidification in a way comparable to ef­
fects reported for other teleosts. However, as Judged by the unchanged plasma 
Na levels and osmolality values, the fish apparently adapted well to the low 
pH conditions. 
4. Handling stress appeared to impair osmoregulation under low pH conditions, 
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whereas the same stress protocol was without effect under control conditions. 
5. The number of chloride cells in the opercular epithelium of the acid treated 
fish increased over the entire experimental period (2Θ days). The diameter of 
the cells however did not change. 
6. There was a remarkable difference in branchial Na -ATPase activities between 
the short term and long term acid exposed groups. After 5 days at low pH, we 
observed a stimulation of Να /Η ATPase activity and an inhibition of Na /K 
ATPase activity. After 26 days at low pH however, all values had returned 
+ + 
to control levels. This suggests that Na /H ATPase activity might be invol­
ved in ionic regulation during the first days under acid conditions. 
+ + 
7. Tilapia kidneys contained Na /H ATPase activity, together with high levels 
+ + 
of Na /K ATPase activity. These enzymes however were not affected by short 
term or long term low pH exposure. 
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summary 
This thesis deals with the regulation of ionic homeostasis by Cortisol and pro­
lactin in the euryhaline freshwater fish Qreochromis mossambicus (tilapia). 
The data presented in the first chapter demonstrated that Cortisol was the major 
end product of corticosteroidogenesis in the interrenal cells. This conclusion 
was based on evidence obtained from in vitro incubations of headkidney tissue 
with 3H-labeled precursors. It was concluded that the choice of the precursor in 
these studies is important and determines whether results obtained in vitro can 
be extrapolated to the in vivo situation. Experimental handling of the fish pro­
ved to be an extremely potent and fast acting activator of the pituitary-adrenal 
axis in tilapia. In the next chapter it could be shown that that tilapia head-
kidneys, when superfused in vitro, were rapidly desensitized to ACTH stimulation 
and the search for additional secretagogues for the interrenal cells suggested 
physiological roles for desacetylated-a-MSH and angiotensin II in the regulation 
of tilapia interrenal function. 
Cortisol has traditionally been regarded an osmoregulatory hormone especially im­
portant under seawater conditions. The morphometrical results of the experiments 
discussed in chapter 3 indicate that the interrenal tissue undergoes a marked hy­
perplasia during acclimation to hyperosmotic environments. It could furthermore 
be demonstrated that the headkidneys of tilapia fully adapted to seawater relea­
sed significantly more Cortisol than headkidneys from freshwater tilapia. The 
ACTH sensitivity of the tissue from the seawater animals was equal to that of 
freshwater fish, whereas angiotensin II evoked a larger stimulation in the former 
group than in the latter group. The fact that circulating Cortisol levels were 
similar in the two groups of fish was interpreted as an indication that periphe­
ral clearance rates of the hormone were also higher in seawater than in freshwa­
ter. 
The gills are a major osmoregulatory organ in fish and in the present investiga-
+ 
tion Na transport ATPases were studied as possible effectors of Cortisol and 
prolactin at the gill level. With the experiments described in chapter 4 two 
+ + + 
branchial Na -dependent ATPases were partially characterized: Na /K ATPase and 
+ 
a second Na -activated ATPase fraction which, on the basis of its amiloride sen-
+ + + + 
sitivity, was postulated to function as a Na /H [or Na /NH ) ATPase. Both en-
+ + + 
zyme fractions could be activated by NH in vitro, but Na /K ATPase was less 
+ + + 
sensitive than Na /H ATPase to physiological NH concentrations. 
Adaptation of tilapia to seawater (Θ30 mosm SW; chapter 5] did not result in in-
+ + 
creased branchial Na /K ATPase activities. After acclimation of fish to Θ30 mosm 
NaCl, an environment of the same osmolality as seawater, a very significant sti-
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+ + 
mulation of -especially- Na /К ATPase activity was observed. It was speculated 
that the difference between the responses to these two adaptations was related 
+ + 
to the differences observed in epithelial structure. Na /K ATPase under the 830 
+ 
mosm NaCl conditions could serve as the molecular basis for active Na extrusion, 
a process which does not operate under 830 mosm SW conditions in tilapia. It 
should be mentioned that adaptation of tilapia to these two hyperosmotic media 
resulted in a significantly larger stimulation of the pituitary-adrenal axis in 
the 830 mosm NaCl adapted tilapia than in the 830 mosm SW treated fish, as judged 
+ + 
by morphometrical results. In comparison with Na /K ATPase activity, branchial 
+ + 
Na /H ATPase activity changed only marginally during hyperosmotic adaptation. 
It was suggested that the latter enzyme functions primarily in acid-base balance 
regulation under hyperosmotic conditions. 
The results presented so far appeared to support the idea that Cortisol is a ty-
+ + 
pical 'seawater hormone' in teleosts, with Na /K ATPase as a major target of the 
hormone. The data from chapter 6 however demonstrated that Cortisol also stimula-
+ + 
ted Na /K ATPase activity in the gills of freshwater tilapia. Moreover, it could 
be shown that Cortisol was able to stimulate the enzyme rapidly in vitro by a di­
rect action on the chloride cells. Administration of homologous prqlactin to 
+ + 
freshwater tilapia inhibited branchial Na /K ATPase activity and, to a lesser 
+ + 
extent. Na /H ATPase activity. The two hormones also acted antagonistically on 
the intermediate metabolism of freshwater tilapia, Cortisol being hyperglycaemic 
and prolactin acting hypoglycaemic. It remains to be established whether the ef­
fects on the plasma glucose level are important in tuning other target tissues, 
such as the gills, to the hormones . 
Additional evidence for a role of Cortisol in hypoosmotic regulation was obtai­
ned from experiments which involved environmental acidification (chapter 7). In 
low pH adapted fish the headkidneys were synthetically more active than headkid-
neys from freshwater control fish, but circulating plasma Cortisol levels were 
similar in the two groups after a 48 h experimental period. As was the case in 
the seawater fish, the interrenal cells of the low pH treated fish displayed hy­
perplasia, but -in contrast with the SW adapted fish- headkidneys from acid ex­
posed fish were clearly more sensitive to ACTH stimulation than tissue from con­
trols. Furthermore, the ACTH region in the pituitary of the low pH treated fish 
had doubled in volume after 5 days. 
The pituitary prolactin cells were also activated under low pH conditions (chap­
ter Θ). It was shown that the increased activity of the cells, as judged from 
cellular degranulation, was accompanied by a hyperplasia of the prolactin lobe. 
+ 
Finally, chapter 9 contained data on branchial and renal Na -ATPase activities 
after short term (5 days] and long term (28 days) low pH exposure. Renal enzyme 
activities were unaffected by low ambient pH, but after 5 days a stimulation of 
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+ + 
branchial Na /H ATPase activity was measured, whereas specific -but not total-
Na /K ATPase activity was inhibited. However, after 2B days of environmental a-
cidification all enzyme activities were restored to control levels. This was in-
+ + 
terpreted as evidence for a role of branchial Na /H ATPase in the initial phase 
of low pH acclimation by tilapia. It was furthermore concluded that, apart from 
Cortisol and prolactin, additional factors regulate branchial Na -ATPase activi-
ties under low pH conditions. 
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